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FOREWORD

This report was prepared by TRW Space Technology

Laboratories for the Jet Propulsion Laboratory under

Purchase Order No. BK3-2t1739. The work covered

by the report was conducted from July 1963 through

February 1964 by Members of the Technical Staff

in the Electric Power Department Of STL. The Jet

Propulsion Laboratory technical representative for

this program was Mr. E. Lee Levanthal of JPL.
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[,,, • t: t

,,_, . It i,_cludes computation procedures suitable fur computer

:_,1_._. _O_v.er ratings of the systems investigated are within

_i:!,!t \,'art range. Covered are the following:

• Power Source. Photovoltaic, flat-plate thermo-electric,

thermionic and dynamic.

• __nex_ff___Storage. Silver-zinc and silver-cadmi_lrn batteries

ABSTRACT

15"711
't!_i.-i rep,,rt presents a method of empiri.'-alty desi_ninR _.h-t tra, al

:,y._tt. ms that utilize solar energy, based upon present-day t_._ hn_t-

prog ram -

the 1O0 to

• Power Conditioning. Inverters.

A s_lt_nLc_ry of current developments on systen_ components includes

_!,,. ,,_ tt, _" _)f the infor_ation, an estimate" of its validity and a_l identifica-

I,,,L_ ,_f gaps in the technology concerned. Typical data, obtained eith,:r

t_,.,, _ht. _anufacturers or frorn user agencies, is presented in paran_etr]c

t,,c,, b'_r _:ach major system component, a computation proct'dttrc in th(.

", :, ,,r ;_ flow d:agram is presented. These diagrams contain:

• I_,-sign constraints factored into the mathematical treatment

• lt,:rative processes, wl,.ere necessary

• Rose,Its, expressed as size and electrical characteristics

: ,Ic , _'.1_ ,_lations arc provided in appendices to illustrate lhc u._( , _,f _1i_.

,_ [,t_t_tl;_)n t_rocedure and the appropriate parametric data.
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Bus voltage during time t 1 (battery charging) (volt)
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Battery cell average discharge voltage (volt)

Isolating diode voltage drop (volt)
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Solar array voltage (volt)
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Battery charging period (sunlight) (hours)

Battery discharge period (eclipse, peak load, etc.)(hours)

Mission time at design point (hours)
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Maxim,:rn s<_lar panel _rea (it _)

Solar arr_./ .area (it 2)

5oI;_;" =,'li (:..>vet _las,_ ti-,i_ kzzcss (::_il)

So?at c_.il co:_ne( ti_p. and ius_,l,tti_Ja b,.);_rd (t_.il)

Solar ceil ,.o[tag_ .::zdcr design co.uditio,us (volt)

I_:_!ati_n diode \',:>it;_gc dr,)t_ (\r)tt)

',)l/iF _'t'i} \',biti't_t.' lit l:l/iXilll i1_i i_ov,-er under de,_i_n

¢ oncllt i,>t"__ (volt)

S,_lar plant ','oit4_e ottput (volt)

Sol_r arra? o_ttp,._t voltage (v,_It)

Solar celt x,)lt;a_e under standard conditions (volt)

Solar ce!l \:o_tagc :_1 n_;._xkn_m_ power _,.nder standard
conditions (volt)

Solar cell open cir_ _it \,olta_e under standard conditions
(vott)

Adhesive transmission factor (per :mit)

(_over _IFtSS _JF/tI-IS1TllSSi4_ tjal-:toF {])or tllll.t)

In stallation facto r (pc r ,init)

Pan_;1 packing factor (per ,mit)

Soiar _:e!l current under desian conditions (ma)
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Photovoltaic Sources iCon'.:n_led)

Solar cell cu:'re,._t at n,,axim:,._n ,:_..,_ver ur_der desi/an

condit io_.s (_na)

Solar arra 7 _nstalled solar ,.ell c,-rre,_t°vol_age character-
istics at time t

Solar array output currt-.nt (amp)

Solar array outp,tt c_rreut without fail,.re_ tamp)

Solar array o',Itput <;lrrcnt with fail:,re_ (:_n'_p)

Solar cell short current ,tftcr } particle radiation under
standard co,'-ditions (nqa)

Solar (ell curr<pt under standard t:onditic,_s (ma)

ScdL,.r cell current at n',aximvt, n power ;n_.d,:r standard
conditions (ma)

Solar cell current-vohage characteristics at standard
conditions

Solar cell short circuit c_rrent ,tudor standard conditions

(ma)

(_on._ta nt

Constant

N,nnbcr of paratlt_.l >olaf celt strinas in solar array

NuJnbcr of panels in solar array

Number of series connected solar ceils p_-r string in solar

array

Total number of solar ceils in s<_i_r _rray

Maxilnum solar ce:ll p,_wer output (watt)

Solar plant power _utput (_att)

Solar array power output with ,,_) cell tailurc_ (watt)

Solar array p_,_er ,_)utl)ut with col! i_tllurt_s (x_att)

Xi X



Pi_otovoltaic Sources (Continued)
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Solar cell series r_._sistance (oi_ms)

Reliability of solar arr<iy (per unit)

Solar c< ll  h< rt < ircuit current ratio- .-,I-'Isc(O)lIsc(O°)]
(per unit)

Insolation on solar array (mw/cm Z)

Relative insolation with respect to I_U (per unit)

Effective relative insolation on solar cell (per unit)

Time (hours)

Mission time at desittn point {hours)

Solar cell temperatrlre (°C)

Standard solar cell temperature (°C)

Weight of solar cell (gras_q)

Solar cell weight per unit area (gram/era 2)

Weight ot solar cell, cover glass, adhesive, connections,

insulation, etc. per cell (gram)

_ eight of connection and insulation board (gram}

Weight ot cell cover glass (gram)

_eightof cell connection, adhesive, terIninais, etc.

per cell (granJ

Wei_/ht of cell connection, adhesive, terminals, etc.

per cell unit area (gram/cIn Z)

Weight of solar array (lb)

Weight of structure per unit Area (lb/ft Z)

Solar celt current tempcr<_ture coefficient (amp/°C)
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Photovoltaic Sources (Continued)

Relative solar cell current temperature coefficient

(per unit/°C)

Solar cell voltage temperature coefficient (volt)/°C)

Change in cell voltage due to panel assembly (ma)

Change in cell voltage due to change in insulation from

standard (volt)

Change in cell
from standard

Change in cell

Change in cell

Change in cell
from standard

Change in cell

from standard

Change in ceil

voltage due to difference in temperature
(volt)

voltage due to particle radiation (volt)

current due to panel assembly (volt)

current due to change in insolation
(ma)

current due to difference in temperature

(ma)

current due to particle radiation (ma)

Difference in temperature from standard (°C)

Solar array sun angle (deg)

Cell failure rate (failures/10 6 hours)

Diode failure rate (failures/10 6 hours)

Interconnection failure rate (failures/10 6 hours)

%

Circuit board density (gran_/cm 3)

Cover glass density (gram/cm 3)

Equivalent i MEV electron dose on adhesive

(electrons/cm 2)

Equivalent 1 MEV electron dose on solar cell
(electrons/cm 2)

Equivalent I MEV electron dose on cover glass
(electrons/cm Z)
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Tner:E_oelectric Sources
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Area of absorbvr/t,,dialor, i.,,r <..,-:p]_, (cm Z)

2.
Array area (cm)

Maximum mission distance from sun (astronomical units)

Any distance during n_ssion less than maximum.

(ast rono_nical umts)

Density of negative <,lem<:nt materi_l

Densilv of positivc clement ma/_,rial

Dog._'adation fact{_:" d_.',e lo thrustin_

gram/era 3 )

gram/era 3 )

Dcb_radation faclor _fl,::" less than 100() hours steady state

Degradation fac*_,r after more. than 1000 hours steady state

Degradation fact<,,," ciue to steady state operation

Current per couple- (an_p)

Nonproductive &!'ri_y support area factor

)

....... v (,:m-)Co! 1(.< _d &rga. area

9

Thern_ai conductivity, negative element (mw-cm/cm'-°C)

Mean thermal conductivity, negative element
9 {

(m\v-(;In/cl'n _"- )6)

2 2 _O CThern-lal conductivity, positive el_?ment (mw-cn_ /cn-i )

Mean thermal conductivi',y, positive element
(mw-cm/cmZ-°C)

)

Radiator de,,:sity (4 ran_/cm_)

Length t_) c rc, s s ,,;_ cti_m a re (c onstam)

Temperature ris_ e fr,,m_ hot junctic,n to absorber (OK)

Tcmpcratur,: drop from <'old shoc to radiator (°K)

) )

AbstJrbc:" density per _m- (_ran-/cm ")

Internal struct'_trc ctens_ty (grann/cna 2)
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K 6

K_
t

K 8

K 9

L

L
N

L
P

M
O

N 1

N_

P
d

Pel

P
tc

P
lc

Q
a

Qch

Q.
D

Qptc

Qpth

Q
FF

Q
I

Q9

R
ci

Modu]ar >_tppc_rl v.ei_ht fa< to:-

Thrustir_ K ]-:_._s la_ t,:'

Number of orbits attc." l0

Nun-ibcr of orb:ts _.fter !0
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,,otirs stea( state

hours _teady state

Length ot therm_,,elcct:i,: (_!en_ents (cm)

Length of negati,.- tl:,:'rm(,el('ctric _lement (cm)

Lenglh _Jf positive ther_<_c!ectric elcn_ent (cn_)

Matching factor

lM_du!ar e;tlarg_,J_,r:t f/cto:"

Array cnlarg_:r_,.r,l fac:t_>_. {_-,r lnissi,.m factor

D_'sign power _'cqm r_l-nent (e.h_ct tic al \vatt)

Po'wur avaiiabl-, at ,arth launch (el..;ctrical watt)

Theoretical po\vcr/couple (cl_:ctrical watt)

Load power ,_,Utl)ttt per couple (electrical watt)

Heat "LRDKI p_.r lF.oril_._t_ > (_hcrn_al v, att)

Conducted heat c, cr c o'<qJie {thermal _att)

Joule heating pc;r ,:_t__p!e (tt_ermal '_att)

Pe[ticr-Thon_pson _tff(ct at cold iunction/coup_e

(the mrtal watt)

Pelti('r-Thom.pson <ff(:ct at hot junction�couple

(the rrnal watt)

Heat reradiated at lh_ _ outer surface absorber panel

(the rnnai v,',_t 1

tieat input p,'r _l!_]e (lhern-ial watt)

tIcat output per c,:.',q-_]<_ (tl_!rmal watt)

Ratio¢_f thermal to ,,le_trical <'oncluctivities factor

Internal _-e_i:.t_t.'",_ _. p,...> < _'q']_. (-;}_.ms)
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(watts pet" cn_'-)

Solar constant at 1 AU

:_:_n_ d_sig'. _. _iss-on distance

',',,±!t pcr C'l_ )

Mean S_:_'beck voltn_e/couple (_v/°C)

S_ebe, k ".,-_it,-t;, _, _,,.._e.t-:c thcrn_oelectric element

(_v/_'C)

Mean S,'ci),.,k ",_:t:_g ,_, ncgat.i_e c,]cn_ent (btv/°C)

Seebt,ck v,_lta£<, p(,sit_\,: th-rm,.)clcctric c.lcment

(pv/C>C)

M,'an S,,',.}_'ci_ v,_',t_:(:, _,_:ltl,,'t cl_.mcnt (;_x\/°C)

Heat absorber 1, r:_p, _'atu,"(' (°K)

_ihc:'mo(_lcctr_c c,:,[d junction t,-mpcrature (°K)

Thernloelectri, hot .[tmcti,_n ten]perature (OK)

Heat radiator ',, 'nap{'rature (°K)

Cumulative tin_..,. ' a, slcady state (hours)

Voltage per ¢o_'4_t,* (volt)

Array weight (gra:n)

Absorber weight per couple (grain)

Corrected array weight (_ram)

Modular weight (zrain)

Modular weight p,.r c_:upte (gratn)

Modular suppt_:t veight (cram)

Weight pe:. negativ<, thcr_n(;eh:ctric el_maent (gram)

Weight per p,)sitivc th<.rn_ocl¢ctric element (gram)

Radiato: \t_,ig]_t p,_r c_,up[c (-ram)

Imternn! _,.,tructu;',, ',vought, :_e: c_,up}_' (gran_)



Thermoelectric Sources (Continued)
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Angular error in pointing accuracy (deg)

Emissivity coefficient of the outer surface absorber

panel

Emissivity coefficient of inside surface of absorber

panel

Net internal emissivity coefficient

Emissivity coefficient of the outer surface radiator

pane]

Emissivity coefficient of inside surface of radiator

panel

The: rmal c.fficicncy per module (percent)

figure ,_f merit (factor)

El<-_.trical resistivity, negative thermoelectric element

(milliohms/cm)

Nfean electrical resistivity, negative element (milliohms/cm)

Electrical resistivity, positive thermoelectric element

(n_illiotm_s/cm)

Mean el__.ctrical resistivity, positive element

(mllliohm s/c rn)

Cross st.ction area,

Cross section area,

Stefan-]Boltzmann constant {5. 67 x i0

°K-sec)

negative element (cm 2)

positive element (cm Z)

-12 watt/cm _-

Absorptivity coefficient of absorber outer surface

Array correction angle to maintain design power (deg)



Solar l-hermlonic Source
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A,_tu,,l proje,'t_'d active area of individual solar cotl__e:'Ar-_lor

a.- _-_l,:,_latcd (It Z)

Mt.xit:_u:n :ilto,.v@de projected active area of any single
conce:_tr ator {ft'-)

qotai projected active area req,_ired for the solar thermionic
"2

_cmrv e (ft )

A,ctt_al rrn_r,i..'-n,:n_ :-_umber of concentra'ors with _,rea < A
cm

which :,re :,cq_:red to prod,ice pox_er

t)er unit average convert_'r efficiency after life

Initial ,_verg_g" per unit converter efficienc y before life

Per _F_,t ¢o:_cc:_tr,,t_,r-;_bsorber ,.'fficiencv incl_tding lo._ses in

_ avitv v.'herc < n,:_r_,." abs,_rbcd bspasses the converters

t:','r u:_it fract,.,,n of act_vc area not shadowed by generator and

._appo rting str,:ct ,re

The initial pox,.cr capability req_ired for each generator unit

(v. att)

T_.c a','erage load Dower requirements at the design point

including .atl power requir,:ments of the source (_att)

The initial lotal pov.er cap:_bility required for the source (watt}

The :._,arfac,' reflectivity of lhc solar cor, centrator or mirror

-lhe' solar inter:sil.v <_t the design point (watt/ft _')

'I }',_. pe:'_od ,of ',_r,_e fro_: the be_:nninb: of l_e m_ssion to the

point ,.ruder consideration

The average ther_nionic convtrter emitter ten_perat_tre in

d,'grces Kcivln

Fl_e stowage volun_c for each concentrator-generator unit (ft 3 )

[hc stowage volun_t for the s_tpport structures and depIoyn_ent

iI-_t'(}!}tD, tNIl'l'_, ('tC?o (tt 3 )

l-he tot31 _to_kag,." v,/tun:c for the solar thermtonic source(ft 3)



Solar Thermionic So_lrce (Continued}
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-[b.e *,,,ci_}_t o1 the ab_orb,'r c,_vltt--generator unit including
fl_x control_, converters, etc. (ib)

T}'_: weight of the concentrator or mirror (lb)

The total weight of the solar thermionic source (lb)

Maxin-,um relative ¢_ricntation error allowed at design point

which is calc:t,.lated as the ratio of absolute error to the solar

ir,_.xge half angle at that point.
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P(]v._'r ( <m_ r()i (]omputation

_. :._.',,. <J, :-e4_i[it(,d ._our,c,: voltage (volt)

Ma>.in:'_ .-ai.:e cl _our(e voltage at Ibl(min)(volt)(A
\.lr[_l&]_ <.Jlt_.t" <J, ( _tr-_ "v<.}.t_ti :1<) l-c_;/],.i[iof] i_ &S_tlFrl(t(i}

\.laxltl-a_l._i ..,_11 _e ,>( th,c 'ln>h_mte([ portion oi the source

.,air ,_.;__ (E.a ; 0 in a thurn_ionic systcn_)(volt)

Ser_e_ (_f '_a[.w;, oi :_o,_r_ c voltage for vario_ls i (se(;

5er2cs c_( Vdi[,eS of -_bttnted [)or[ioll Oi []-le source

voltage .'or varh)us i _volt)

I,,v, r',,,d :_(t,.orl:_l r;.! _,i._:_ of is = ,J [f_ cvaluated

S_ri,._: _,f ',,atuc_ (Jr u_.shu'_,ted portion of the source

',._lt_<c :or ,.,ri,_u_ i I (',tJit)

_eli*_ o'. L'._.illt _q (_| } :i, < t tlrrol]._ IFO1T1 ll'lillill'lU_l [0

i>aximu..n (i. !, t .... i0) (an-_p)

.k!ax:m :_n vo.l_e ,:d _hunt _:urrent (amp)

:,,i:_ii:_.tn',_ ,_:c of the bus _ urrent (a:np)

i_eIit'6 of vahAcs of avtt.ila.})le source current corre-

spcndi_:_" t:, }<ij (-,rap)
sb

Nl,,xim'm TM. _o_r( e (_trrent available (amp)

]-V (.}:ara< te " "'_'r_s_.< _,_ ,_(}urct: I as a function ol E)

at a_y tlm:c-r_is_[on _vent j 'f',inction)

Series of vatu,=_s of si_u_t clcm,:nt current corre-

sponcii_<g to Eii (amp)

Event (j _ k_ wi:icn yields a maxi_-nurnvalue for E j E k
• ' S S

Shunted ira_ tion el s,our_e series energy converters

Unsi_,_:_.t,:d'raction of source, series ener{_" conve rters

' +, 1lo,_t. :,(:tuber ot :::_:ri<:.{ energy collverters in tile source

N:_mber < : -h,,,nt, (i qvrles t'ner_y converters (Nsh : _;qNs)
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Power Control <iomputation (Continued)
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Pbl(ma_)

Pbl(rnin)
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P
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P Jh
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Qbr

Vbr

V
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W
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N
o

Number of unshunted series energy converters

(N u : nNs)

Maximunq required bus power (watt)

Minin_um required bus power (watt)

Rated output power of the booster regulator (watt)

Constant value of power dissipation in the control
and monitor circuits (watt)

Total power dissipation in the power control unit

for various i, j (_vatt)

Same as Pbl(max) (watt)

Maximum available source power (watt)

Maximum value of PU h (watt)

Series of values of shunt element power dissipation

for various i, j (v,att/

Power dissipated in the shunt regulator (watt)

Power dissipated in the booster regulator (watt)

VoluI_e of tile booster regulator (cubic inch)

Volun_e of the power control unit (cubic inch)

Weight of the booster regulator (lb)

Weight of the power control unit (lb)

Calculated value of booster regulator efficiency

(percent)

Assumed booster regulator efficiency (percent)
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Pl(max)

Max'.rn_,:r: ,::, ,;ta_, r .f,'( m Sun at which power supply naust

_,peratc i_, AL (v.,}:_ i'_, 1 AU = sen_i_rriajor axis of Earth orbit

abo_lt S_!n :/.'., 95";, 6_'0 nliles)

Solar t. or.,_AanI at inaxirnmn AU (kw/ft Z)

1Maximur, l toad power used as rated power supply

1(llliI'I)

t
S

t

QS

/Vii_il:nU,i load pc.,wcr (k_)

Starlight time per orbit {holirs}

]:_ciipsc lu_l_. _ p_r _;rbit (ho_lrs)

Angle :_d_tendcd by s(_£ar disc at n-iaxilnum AU (minutes

E.IdmKavturers ' Eh'_il_l _ i)ata

-)

K Concentralor weight psr anit frontal area (lb/ft")
\VI_KI.

R Total c_n(:entrator surface reflectivity integrated over

n_ s_,lar _i,cctrum : reflected energy/incident energy (per 'dnit)

t*]qui,,al_-nt ,:,,igt:ial- btirfdLe dt'vlatioli of conce_ltrator I'ro_li

paraboh_id,il geometry (minutes}

rig
(i.ei_erdt_r ,ttlc_t:ncy _ electrical o_itput/'shaft _np_tt

(per ,_,lt)

O
l"

sh.aft o,dput/"}ie,:it input (I_er ,,r_}t)Tllrbin_ effi( ie_,c,

(.',on(entrator ii_ aligle = angle between geon_elricaI t_n-

cv;i_l,,t_r ,_xl_ a_id ri_ri with vertex at the focal point (deg)

Parain_.t, rs IIctci'n_i_tt_d b... Cv,:ie Anai_sis and l_late, rial Selection

C
P

5p_( if,.( h_,_t c_f ,_e,i_y storage inatcriat in _>pcrtit_ng

te,_l,ciat_ii_: range (kw--hr/lb°F)

F
(

t{al_,_ ot :dt-_,l (.'/ctt- _.ffi(:iency (100 percent turbine

_d!i< i_:t_)) r_, e-q{_ .'alcnt Cdrnot efficiency (per unit)

[ifcs lt_'_t ot I,,stion _,f c:_ergy storage n_ateriai (k,a,-hr/lb)

:<2 N.



Dynamic Power Plants (Continued)

K
es

T
ac

T
c

T h

T
sc

Pes

Thermal conductivity of energy storage material
(kw-hr/ft2- °F/ft)

Equivalent absorber cavity temperature during eclipse

= average external surface temperature of solidifying

energy storage material (OR)

Condensing temperature (OR)

Boiling (or superheat) temperature (OR)

Effective subcooler radiation temperature (OR)

Density of energy storage material (Ib/ft3)

Assumptions and Constants

A

K
wr

Whd

Mirror inside diameter factor = ratio of inside diameter

to absorber diameter

Radiator weight per unit area (of one side) (lb/ft 2)

Weight of energy storage material required to make up

diffusion losses (ib)

AT
es

Temperature drop between absorbing surface and boiler

surface of energy storage material (OF)

AT
es(is)

Temperature change of energy storage material during

sunlight (OF)

£
c

E
r

r

Effective emissivity of cavity aperture

Emissivity of radiator surface at end of mission

Radiator efficiency = ratio of actual heat rejection per unit

area to heat rejection per unit area from isothermal flat

plate with same front surface emissi_dty and perfectly in-

sulated back surface (per unit)

_2 Orientation error = angular displacement between con-

centrator axis and solar vector (minutes)

Stefan-Boltzmann constant = 0.507 x i0-12 kw/ft2 OR4
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D_al_,et_, ,,i .:_b_,._':b('_ aperture (ft)
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Calc,llal_.d ,_.-tslde mirror diameter (ft)

E;stimal_d ,_'..vr_r ,,utuide dian_eter (ft)

Di,_,_ct_:r oi the,:,_,!tic'al solar image (circular) in focal
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Dynamic Power Plants (Continued)

Actual cycle thermal efficiency = available turbine

input/boiler input (per unit)

Total weight of system components excluding support

structure (ib)
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I INTR(3]'_U(;T._ON

The design of a spa, ,, r;_t t',_.t:r,,, p_?v,ez"_._tel:_ r,ormaIly requires

the evaluation and comparison of *uver,,i alter:_ate ,:oncepts to define an

optimum system configuration. this selection rnu._st be based on valid

tradeoffs involving not oriy the basic t.ncrgy convc_rsion equipment, but

also the energy storage, power <o,_'_r{ol. power conditioning, and distribu-

tion equipment that are part of the con_p_ete .-vstem. To accomplish this

tradeoff process, a consideraloi_ _etaiied system cIesign, based on valid

equipment characteristics a:m performance data and o_: specific mission

and spacecraft require_nents, is n<_cessarv for each concept considered.

Significant problems freqtlentiy arlee, r_v.ev_:r, !_ecause of the unavaila-

bility of current useful parapnetric dat:± and becaas_, of the tedious design

computations necessary, i.'vt.'T: t},o_:4)_ i.,-r4_; riu_nLities of ciata have been

published, much of it has beer: (i,:voted lo Lhvoreti< al systL:m ;_nd com-

ponent analysis and predicted perfo,:n_ancc. ,-apabilities that are seldom

achieved in systern usage. Moreover these data are often presented in

a form that is not st_itable for dirt..ct application to' the _ystem design

calculations. To obtain design optimization, these calculations normally

require iterative processes to resolve the many interrelated variables

involved.

This stud v effort has been dicected toward development of design

computation procedures that cor,>titt_tc a suitable !oasis for computer pro-

gramming.

tasks:

This objective has been tran_:lated into the following specific

Prepare desie_n computation procedures in the forrn of

flow' diagrams on major system components

Evaluate available perforrnan__ and characteristiv s data

and assess its validity

Convert this data into paranletric curves required by

the (:onlput_tion proced_lres

l-I
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In accon_plishing these tasks, the study effort was confined to

representative system configurations and components within the follow,-

ing scope:

• Solar powered systems and elecLrochemical energy storage

• Range of nominal po_,er system ratings of 100 to 1000 watts

• One-year spacecraft mission duration

• DC-AC power conditioning equipnnent (inverters)

This report presents the procedures and supporting data for the

above study tasks and also provides a basis for the development of simi-

lar procedures for alternate systems or equiprne:_t.

I-2



]i SY_ t ,_.MCC, NSID,EI_.ATIt_NS

A. POWER SYSTEM i)I:_:!NITB'.'..;

The space,_razt clcctri..i..i i _.'._..r 5)'..t, _; c[,e:i_c.d it,. th{._ report in-

cludes all fuc, ctions &nd c,._.,_p,.<c,nt_ n,.:cc-,_ary t_., provide the Huantity and

quality of power required _t th_ -p,i<,', r,_it ],-,ads. blcQcr power system

elements are dcfin_'C ,±_ :_)!!:,,._.-,:

1)

and con',crts it t., el,:,'tr:c,.i energy, i}_c p,_v, cr gcner-
at_*d by li,,_ sourc< h_i_ ,'h_ r, qtzired clectr_c_i charac-

tcrist:,.> )_:! 3 .t t:}_,. ,:v--_<_ p,,_t.

z) P_)'a'er S_,urct-. C,._t:tr,,}. ]'h,- cic,:icv- theft contr,,is the

power 5{,,.trot- t£, _1: drt: t};,l tJ_c p )_.-r _,utt)ut i_as the

rcqt::r, i _;,'_.t:-:,:.:! . };,,:'c.. t,.ri_ti(._ thr:,,_gi_out the

n_ls_..,t_. !_<, /,,.,.,.t.r ," ,ntr,.,i <,15<, u_c[ucies t.,<)_ver
source l'r ;{t I t],.;ll []d _l;Littlt rt!]_ cirl,:tllts.

3) Po_er Pl,:_t. '1!.,' ,: ,:-nbit:i_tu)n _f ti_e p'ower source
and its a.-s _<.i_.t<,d controls.

4) Energ. y St...,ra_e_ The dc'.icc that pr<:,vides the power

for peak i,.:_;a .,p<r,:tz<ms _.tt,,i, ,=";__¢-'_)t for poxver sources

having tlat, r_n.! _.',)rag,.,, the power durit_.g the r_perating
time whc:_ t:;:.ufli_ i_:,_t :,:!t_r energy is ava,labic to the
source0, t,., eci_p._.).

5) Power S',_pply. Fl,.c c:,rt:bin_tion ,t the power plant and

_ ° "1_ •the energy stor_t_: 'l!;e power a',q0ply s_pi _es required

power _*hc-thcr e l<_r c:,<.-rgy _:s av,.t:lcib[c or not.

_) Power Distributic, n. Th,c c'_mp.r,t_.ents \vb.i< h distribute

the power t, the- sp<.tcecr;t_t 1,0ads. It includes circuit

protection, :,',,.'t, t,_,tg, ._nd _,,:Ut.:ri_.

7) Power Condili(_nttj__g. The d<vicc._ which cc, n_ crt supply
power inI() pc,',_c:" h:_'.:,",,2 ,,ti_,:r tt_n the .'encr_tted e!ec-
trit al characteristic _,.

8) Power SListe:_. The co'-_,bin,dto_ ,:)f the p_,wer :_upply,
p.o'a_,r (ii_tr_,.,t:..-n, ;_d i>,,',_er _,..,nditi,,n_._,._.

The sin_plilied _.)l.,c k ,i_a.<r_:-_ i-_r the l_._ur _..,lar p,.,.v._.r systen_s

studied:

Figure Z-l. Pia,t.,',,)tt,,.ic k>,'.,.cr 5ysteI,-,

Figure l-g. t"lat-Platc %_,l,_r Yh,.r,_:,_vle,:lric P,,',vvr System

2-i
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Figure Z-4. 5 t:_r D',z,.. ::i,_ L_ _'.,_r _ -' .... ,* " 7 .......

B. POWER SYSTkM RKC_':[Ri_',It-]>.J:_

Electrical rc:qulrcr_>.ent> .,! ;:_d!,..du:,l _:_. ;,_r < ,:::_,,nent, oI the power

system are deterti_ined ir,,:r: r?'.'r:b:;.:z _'?(i :,I):_c,2v r,,tt :. ):_.tr;:tnts, Imc.wer

utilizing equipment r,,qai_c:,'cr_ts, a::d _nt,.r._ :t_.,!;, btttwccl? t)_wcr system

coinponents. Poxver <ap.,, _ty :,t a -*,,t, :n <s d,_ti:,t :I _: tlke p,.wcr supplied

froth the main bus. _ h<:,'_ ..7,,u':,.,itt i. ::: i, cc r{xi?, , .'.:[i_ t},c. , ,)ntiguration

shown in Figures 2-1 througl 2-4, the: p.__".er r. ,{.,*ic,._'_:t .;i ,t p,:.wcr sys-

tem component (ex__cpt :or t}_.:-r:;i.:>:,:.. >,._rc, .) i::, {!,,, ,_::_,.l_nt it elti,er

provides to the bus ,.)r rc:_..,_'.,'_ :r.>,',._ t::v },;_.. F,." t})_. ti_cr_ ic.nic powt-r

source, the power r¢_q',i-lc;1 i:_ t;itl. '.'.;:i.,. :? :;; :>t }),: :-,.,.,pti_.ci t_, the boost

regulator. Figure: 2-) _}_,_v. t!. '...:_,.,,, .. it_:>, . .>,i , vtrr,.;:t-. _.n the

power system, l'he pov,,:r :ayst<:;r, r_:,;u_r,,'._:ct_t.-; <.;'_i_ut_l':,_ prt_vi(acs

the electrical input Iur_c:t,._i_a tu t_it: ¢,,:,q._lt.itkon i<:r the f>.,wcr s<)urce de-

sign, power control design, and b:.,.tcry dc,,icn.

The inputs nced,_,d f,.;r lp.,_: r__-,lulr, _, !.t:, _ .._nt),._ta;ic,n o-r_:

P versus t P.,w,_:r pr,,!iip and _t-_ char-:_.ctcristics (\,olt-

_.t_t_b_ { F_2(_ilCKtClt:N, l't:Jtl[,_lYh_ll, :mmber of

ph.z_st'_, hT:rr:_.c::_l..i.-,, ,'it.'. ) ;,..r c,xcb power

vor:s_,_n'.|: 4 wqt,iI)r-;_,.nt :n t_<, :po.c.,:crdft.

Eb (max) Mo.x!_nt_::, p..r:_:i>.sibi_ p<,'a'cc ._vstt m bus

v_; it ._ .'4e.

E
ec

Battery si,:_t_-¢,.tl e,_d _)f c!>,.r_zc (,naximum)

E d B.±tt,.' ry :-,_nal e-cv-l[ _xv _ rl, Kc di_cl_, rgc voltage.

In addition to the above tatctor_, the _, it, ,.v :::U i'4_ut._ _trc required:

td
ll]t.i_[,, &.rt: _tucliod t,_ d,,ter',rtit,.e t}iv, point in

[i!_: !llt-,_tt,!i ',_i?L'I'" t}',c _Ie_tk':,t d,:illi,altd5 &re

n_/-_a, :,,_ ,i-_c: ,.,_p_bii:t',- ,,1 co.ct, p.,',vcr ._yst_:m

cci>.p ,',',_;t t , },c civ-:-l,_,n_'d. ]"_r c<ach m_jor

cot21p<;>,':<[ l> the [,;,.'.cr syst<:p,_, the mission

t_,.: _t t}",c cic_ign i' 'int :-'.-;ay b,. ,!_tfercnt ,_.nd

<Z --t })<t i-:tl t: F¢:vit]irt ::;<mrs c .>mputati,.m is needed

f,_" _'a< h. In Ii::,-t ._.pivlicut>_,us, ti_,:' design

[),;ii;i+ I;,-:,i 'tl [:t-:it: ,..LIP. !)t: dct_.r_:iit;cd rc:idily.
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In Earth arld Mars orbiting operations, for

e×an:pie, the design p,_int for the power

source a::d f_)r the b:_ttery _isually occurs

at the end of spacecraft life. If the solar il-

lumination on the spacccratit and the power

loads are constant ti_roughout the mission,

the greatest demand on power source capa-

bility occurs after maximum degradation and

the greatest demand on the battery occurs
after the maximum number of cyclings. In

cases where the design point is not readily
assessible, a design point tiI_e is assun_ed.

The requ_rerne_:ts and co_nponent design com-

putations are performed for the assumed time

and the results compared parametrically with
re suits ;_t ,_t}-_ r _ s s/_irTlt:d rniss ion tinges until

the truc design p,:)int [_;r each power system

component can be detern_Sncd.

t I and tg Batty:r}" Chargi:;a and Discharge Periods. The
operation of the spacecraft is analyzed at the

design point mission time to determine the

requirement for cyclic battery operatiott and

resulting battery charge-discharge time

(t 1 and tg).

The computation is perle)treed according to tee following sequence

(Figure 2-6):

1) System Bus Voltage. The system bus is clamped by the bat-

tery (see, Figure 2-5). Therefore, the bus voltage (Eb) is

determined by the battery. Maximum bus voltage is then

the maximum charging voltage of the selected battery, and

minimum bus voltage is the minimum battery discharge
voltage.

Block A, number of battery cells (Nb).

Input, Eb(max) (maximum permissible bus voltage from
input data)

E
ec

(battery sinele-cell end of charge voltage from

input data)

Computation:

N - Eb('r_ax)
b E

c

Adjust to next lower integer.

2. - 8



/-

C_

N

Figure: Z-6. Power System Requirements Computatic

Flow Diagram
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Block B,

Input,

Block C,

tZ (Eb2)-

Input,

bus voltage during battery charge t 1 (Ebl).

N b (from Block A)

lE (input data)
ec

Computation:

Ebl = NbEcc

average bus voltage during battery discharge

N b (from Block A)

E d (battery single-celt average discharge voltage
from input data)

Computation:

Ebg = NbE d

Power Control Input Current (Ipc). The exact power used

by the power source controls can only be calculated after
the power source computation has been performed and its

performance characteristic is determined. For this re-

quirements computation, therefore, a power control power
load is estimated.

Block D, power control input current at t 1.

Input, P' (estimated power)
pc

Ebl (from block B)

Computation:

pI

_ pc

Ipcl Ebl

Block E, power control input current at t Z.

Input, P' (estimate)
pc

gb2 (from Block C)

Computation:

pI

I =__P_i
pcg Ebl

' 10
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3) Inverter Input Current (I i) (See Figure 5-1). The input cur-
rents to the inverters are determined with the individual

inverter design computations described in Section V.

Block F, inverter "1 " input current at t 1"

Input, P r-1 {maximum mission steady-state output power

on inverter "1" from load power profile)

Pil-1 (output power on inverter "1" at t 1 from power
profile)

Ebl (from Block B)

Output, Ill-1 (input current)

Repeat above corffputations for inverters 2, 3 • • n.

The total inverter input current_,therefore, are,

lil = lil_l + Iil_Z + Ill_3 + + lil_n

Block G, inverter "1 " input current at t g.

Input, Pr-1 (maximum mission steady-state output power
on inverter "1" from load power protile)

Pig-1 (output power on inverter "1" at t g from
power profile)

EbZ (from Block C)

Output, Ii2 - 1 (Input current)

Repeat above computations for inverters 2, 3, " " • n.

The total inverter input currents therefore, are,

4)

1iZ = liz_l + lig_Z + fig_3 + • + liz_n

Direct Bus-Cotmected Load Current (I)

Block H, bus-connected load "1" current at t

Input, Pl-1 (load "1" power at t 1)

Ebl (fron-i Bl_ck B)

•

Z-ll

I



Co,nputation:

P
1-1

I1 -1 - Ebl

Repeat above computation for bus loads 2, 3, • • m.

The total direct bus-connected load current, therefore, is

_I 1 = Ii_ 1 + Ii_ Z + Ii_ 3 + • . . + Ii_ m

5)

Block I, bus-connected load "1" current at t I.

Input, P2-1 (load "1" power at t2)

Eb2 (f'rom Block C)

Computation:

P2-1

Ig- i - EbZ

Repeat above computation for bus loads 2, 3,

The total direct bus-connected load current,

_I z = Ig_ 1 + I2_ z + I2_ 3 + •

• In.

therefore,

Total Bus Load Current (I)

Block J, total bus load current at t 1.

Input, [Iil (from Block F)

I 1 (from Block H)

Ipc 1 (from Block D)

Output, I_l = _Iil +_I 1 + Ipc I

+ I2_ m

iS,

Z-I2



6)

Block K, total bus load current at t£

Input, IIi2 (from Block G)

_I l (fron_ Block I)

Ipc i (from Block 1£)

Output, II2 = l liz + llz + Ipc 2

Battery Currents (Ic, id)

Battery discharge current is equal to the total bus load

current at t 2, or

Block N, I d = If

Block M,

Input,

(battery discharge current)

Input to battery design computation

If 1 (from Block J)

I_E = Id (from Block K or N)

t 1 (input data)

t2 (input data)

Computation:

I
C t

1
(Average battery charging cur-

rent assuming 100 percent
ampere-hour efficiency) Input

to battery design computation

7) Bus Power and Current (Pb' Ib)

Block L, bus current at t 1

Input, Ill (from Block J)

I (from Block M)
C

Computation:

Ibl = I_ I + Ic Input to photovoltaic desiNn

computation (Isa = Ibl)
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Block O, bus t;ower at t 1,

Input, Ibl (frorn [3':uck i.)

Ebl (fr,,rn Bb__,.'bc t-3)

8)

Computation:

Pb 1 _hotovoltaic or thermo-
bllbl electric design computations

(p,. = Phi ). Input to thermionic
bo_,_t regulator design computation.

Computati<_n Outputs. Fhc ,m/puts of the computation process
are as Iollows:

_) P, us vc_itage ¢lur'q<,., ._ i-<_tt_:ry cn_r_v, (Ebl). This is tile

bus voltage dur_n_ _,.,wer source opcr<.tion. For Photo-

_<_.]t_c _:'Ji I'ht rn_,,,,i,:_:t_':c }-_owor .-,ourccs, Es _ Ebl"

b) Bus ,o!ia_e duriiig i.,_ttery dl._,-h_:rgc (e,b/).

c) A_t.-rage battery chetrge current (Ic).

d) Battery discharge current (Id).

e) Bus power (Phi }. This is the powder supplied by the
source,

f) Bus current (%1).

The inputs derived frc,m tile prece'ding seq'd_:nce at the <,pplicable

design point mission time will permit the desiga computation £or eaci_

major power system component (Blocks V, W, X, Y, Z). For the result-

ing design of the power source and, if applicable, the boost regulator, the

performance of this component (Block AA or BB or CC) can be con_puted

at other than the applicable a_sign poiat n_.ission time. These performance

characteristics can then form the basis for the p_qwe, r control design compu-

tation (Block U and Section IIIE) <,nd _ refinement _>f the _ri_inal require-

rnents compt_tation.

Z- 1,t



Ill. 50LAR POV,EK PLAN'I_

A. SOLAR PHOTOVOLTAIC SOURCES

Solar arrays cc'.r, sist__ng of silicon solar cells have been widely used

as spacecraft power plants becaube of their s,_ccessful operational per-

formance. Factors that influence and limit performance of solar ceils

have been investigated in various photovolta_c research, design, and de-

veloprnent efforts and _noat of these factors are well understood. Because

of this backgro,.md of experience and anforrl_ation, a solar array design and

its performance in a specific spa, c envirorJment can be cotnputed readily

from the physical, electricai, ,.>;)ti<_l, and th('rmal characteristics of the

single bare solar c(_lt.

For most app!t,::tions, t}_c ,it,s ,'I: cc;:nputati_:ms are _traightfor_vard

but tedious. Sin_pli/yin_ assu_upti,m,: arc u_suaiiy n_ade to fac:'_[ltate the

computation for a prelim_nar_ design. The !eskifttr, g a;:_lysis olten is not

sufficiently detaikcd to per_rtit deterr:'_'nation (_,f _.he effects ,_)l variations in

all significant parameters and thus cannot be used for accurate optimiza-

tion of the design. To permit more detailed design calculations early in a

spacecraft power systcn_ deveiopr_.ent program, a computer program is

needed.

This section of the rt-'i){_rt describes a procedure for calculating the

size and performance of ph_Jtovoita_c solar arrays fc, r given pov. er and re-

liability requirements and mission parameters. Included are computation

flow diagrams which can be translated readily into a computer program.

The required design computation parametric data for a typical 10 ohm°cm,

10 percent efficient, silicon N-on-P solar cell and one type of structural

concept is presented in'Appendix A1. and a san-tple calcu_,at:on using this

procedure and para_netric data ,'s .._-_ver. :n Ar_rJend_.x., B1.

The solar array dest. _,.,,__a!c_tlat_,,n p:-,o<ecture pre.s_nted is applicable

to any type of photovo[talt: ctt-_x.i( e _,,_\v tutd_':" de;-_ioDt',_.enl if the necessary

para_netrtc data (e. g., ¢u:-re:tt-v(,ilage character,.stic, t_.mpcrature coeffi-

cient resistance, et(. ) a_'e i_',._-til:*t)ie. The con_putation procedure is also

flexible with regard Io '.he struct,.i:-a! co_t,.gur,:ition of the. array, for only

the necessary structtlI-;-_}. [).trat,,_etri_ ,1;_ta _;_l_,r_natt(_n ::., required. The

design (:ornputa_ion flow di_._;-;ir,_ }t.t_ !)CO'F. ta'.lored to orte'nted solar arrays
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illumination. Modl.f_catlo:', _:,ftt,_._.xi_tzr_ flow ,h_tFr:l_n by adding a silb-

computation will per_'_t de_igr, s _t _nultlfa_ _.*,ed, r.and_n_, l_on-orlent_d

solar arrays.

i. State of Development

The usual method of gen_rating power for space applications makes

use of the photovoltaic efiect, and I},e r_ost frequently used photovoltaic de-

vice is the silicon solar _t,ll. This ceil is a u:ngie-crvstal semiconductor

junction device, s-rnttar to a sil,con rectifying dl,,dc. Two types of silicon

solar ceils are presentt_ available: P-on-N and N-r)::-P, with the P-on-N

consisting of a pc,_:tiw-, layer _.n t_,p ,__f a ne_;_t:_v_ _ layer, ti-_d the N-on-P

having oppos;te arr.ange_ne_,t.

At presenl, t}:c P-on->_ _:lis ._r_, .-. _:c,,vh:_t r:_L, re effi(':ent than the

N-on-P. The })-c,t.-.N e_'fi_.enc,_:s run as h_in as 1Z to 13 per,ent at pres-

ent and the N-on-t -_ eff,.cte:zcies a:,:.,und 10 to 11 percent. The N-on-P,

however, fs much tr_ore reststant _o uartfcle radiation than the P-on-N.

Although the o_atput of each type deteriorates with exposure to radiation,

both as a function of energy and dosage for e_ch type of radiation, the out-

put of N-on-P _.ells detectcra_es _uch ie,_s rapidly (by as much as several

orders of magnitude) titan tha_ of P-on-N cells. It has bt.,en found that

1 ohm-era N-on-P silicon _ota:" cells _an tolerate 6 to 50 times more

electron radiation than P-on-N cells _or the same degradation, and that

10 ohm-cm N-on-P cells are 3 to 4 times more radiation-resistant than

the 1 ohm-cm N-on-i n ceils. This property of N-on-P ceils makes them

much more suitable than P-on-N cells for space missions that are ex-

posed to radiation to an}, appreciabl,_ extent.

Other photovo[ta_c semit_ondu;tor junction devices are under study at

present, chief among the:n b,.in_ tht' ga!l_u;n_ arse_ttde cell. Past work on a

gallium arseni(ie st_,gte-t :'v_tai ci_:-vi_:t' ha_ _,_iI_d tt, pr,_d_c,: a device com-

parable to the sil_c,_.:_ s(,lar eel! ::_ etii_ tt.n,:y and (o_t. but high temperature

properties and :-adtat;o_ r.-,s_sta..',ce s,aperi_r to those (,f :silicon solar cells

have been observed. _'e_,:'r, tly _nder _._vesttgat:o_ is a thm-f_l_n gallium

arsentde dev_c,:. Alten'_l.,ts arc bt'l:t._ _:;l..tt. to atta;_, the expected 10 percent

efficiency level, l.tke tLe si_,gl_.-_ :)_ta'_ _levi_c. lhi_ _s a _('tniconductor

junction devi( c, with the g:!! iikt_','t ,_ :'sC'rl:C!_ _ tl',d lll-[)ttrltlt,-i dr, posited on a

substrate as t_lms.



Other rnatt_rLa!s [_ce_e{_,'ly ;_r_qcr ;[_%_._t ,L,atl(n_ _h_ _ude cadmLum sulfide

and cadmmm tcllu__de. _,_ii',u:_- ', i_,_ L,_de :_nd :_!_u__ !,hooph_de, but none oI

these rnateria!s have t_ro_cn to L_,, _,,:-,i,et_tive w_th the silk, on solar ceils

as _et. Interest al_o exists _n }ar£e-a,_'e4 devl_cs, c. spt:,_tail_ large-area

thin-film devices. Because of the::" reduced weight, these devices could

prove to be competitive with sillct)i_., solar ceils for app[Lcations with large

power requiretnents, such as 1 kilowatt o_" more, in _pite of a lower unit

efficiency than the stl_con _olar cell. An cx,_mpie of s_ch a device is the

cadn_ium sul/_de large-area tl_U,-f_Im device.

One linu_tat_on t,; sLltcon _oiar ce_}:, as pre._ently _lse([ tn space power

applications :2 their h_gh , ost. Ih_._ ,5 (itl(: [_, [;art to the waste involved in

fabricating the rectangular M..:lltJl''_ _,)\_. i_,_'tt_g .l;_,:d :r,,l_t_. lhc (yiindricai

crystals that :ire g,'ow',:. A p.:.:_:-..tb;t, m,.._,'t_ t.I .:ir,.un_vc_tin¢ t'n_s waste

and reducing tht: __(,-.t of .-_oiar cc',}_ _--. '(, t_,_b_tt.±tc t_-c _ ,./l_ as Icm_ 5tn[21e-

crystal str_ps (dcndritc._). _uch a_-c::figurat_oz ulkder _c:-ta_qc!rc,an_stances.

could increase the re]i::_,hi!_ty c,f ¢,.n a:'ra_ . s_ncc :t w;,u!d reduce the number

of _ndtvidua[ ct:]lb requ'_red and i_en(e the ,.:umber ,)f .c, np.ccttons. Both

P-on-N and N-on-P str_ps have been fabr_-atcd, and eff:cienc_es as high

as 12. percent have been :_tt_t_ned '_ _:i'_ _tr:p:, 30 ce_,,tin_eters ,:_, length. The

strips differ only m ge_nlet;'i_ conf-gurat_on Iron-_ t}'_- rectangular wafer

ceils presently being used.

i. Develop_ent of Co:v.pat_±tio_, l_r,.)_ess

The design of the photovoltaic source is determined from the electri-

cal characteristic_ taking of a single solar cell at the design point, modifying

this characteristic to account for average lo:_ses ,n a cett when installed

in a solar array, then determinina the number of paral!el and series-

connected ceils needed tn the array when supplying required load and bat-

tery demands, and fi:,,atly deterr_,_'_._:'_ng the physical configuration of the

array. Once the ph_,ii_n[ _h_r;_te:'_st!c_ ,.,f ;he s<>] _:" array are kno\_n, its

per/ordnanCe at _tn} t_tn(, t_: t}:,' _n_-s_tor t _,t_-, bc d_.tcrt_:ut,d, providing the

influence of factors such <_s in:-:_,[at_,n'., z-:._di:_tzon, failure rates, and teP,_-

perature are also k:_,.:,\vn.

veioped to obtain ;_ design: for the i_.,x_er so_lccc 5F_d to clcter_ntne the charac-

teristics of the design: at ;_lty po.'_n: i_ ti;n,.-. The cot_._p_lttttton begins with
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• } !

standard condition current-voltage (I-V) tharactor:sttcs of the solar cell

selected for the design. :Fh:s I-V c:_rw" ,_ ',he:_ trarslated al_,n_ the cur-

rent and the voitage axis ac_ :,i'd:he t,, :acTor_ doterna:r:ed }-,,,- the difference

from standard conditioning that e×i_ts at the _hosen design point. The fol-

lowing computation inputs based on miss:on factors are required:

T
sa

F

Solar cell ten:perature.

Maximurn orientation error _.;f '" r ars o _a ray.

AU Distance o' spa_c< rait fron, _ :n astro-

I]On2iC_[ ill-:its.

td

E

_lhc tin:e (itlrll:_ :::t,_ssiC)n :it :he dt'siR_t point.

Photov,:_:t_:c _<,,:r.::e v,,tta,_,.'. ]ht. ,.of:age

as the bus and the b,::ttcr,, :i:ar_tng v_ltage

for the sele(t_:'d [)o'.ver ._ystt':n _o::fi_urat:on.

msa Solar array \oltago. The _,,]ta_:, _:_,ncrated

by the array _s vqual to the source voltage

plus the isolation diode voltage drop.

I
sa

Solar array cu:rer:t. The sutn of the cur-

rents required by the bus-connected loads,

inverters, converters, pc_wer control, and

battery chargh:g.

Particle radiation dose (proton, electron,

etc.) on solar cell, converted into equivalent

1-Mev electron dose for the particular solar

cell, adhesive, cover glass, and filter
selected.

Particle radiation dose on ;_dhesive, con-

vetted into equivalent l-Mev electron dose

for the particular ,:dhesive, cover glass,
and filter _electe(t.

_' t-£]:'t_cle :ad:,ation d,?,-;e <,n <ov_,r Zlas_, con-

cg xe:'ted iJ_to _q,_ x'al(q:t l-kie_ ::[ectron close

:o,: ti:e [)trttc_:l,tr covt, r glaS-- s('lected.

The folio\ring char.:cter::_t:c :un, ::(,us I:). t}',:' _'lc_tcd so[ar ceil,

cover glass, adt,e._ive, and _iar ,_rr.?_} _tru_u:'::l _o_<:o[)t rt:'_' rc'qu[red

for the computation:



Function A

Function B

Function C

Function D

Solar cell cur:'ent-vo!l.]ge characteristics

([ versus E) at standard conditions of air
mass zero solar spectrum, 140 mw/cm Z

illumination, 18°C temperature nonirradiated.

and no cover glass.

Solar cell short circuit current (Is0) as a func-
T

tion of equivalent l-Mev electron dose (_c)"

Solar cell open circuit voltage (Eoc) as a

'function of equivalent 1-Mev electron dose

on solar celt (_c')"

Solar celt adhesive relative tr_{nsmissability

(Fa) as a function of equivalent 1-Nlev elec-
tron dose o_1 .:,dhesive (4)a').

Function E

Function F

Function N

Function Q

Function JJ

Solar cell cover glass rel:ttive transtntssa-

bility (Feg) as :,, ft_nction of equivale>t 1-Nlev
electron (_o;_e on _over glass (_g').

Solar ceil reiative short c_rc,x_t current (Rsc)

as a function of solar array orientation error

(1-) and equivalent 1-Mev electron dose on

cover glass (O's).
C

Solar cell rela:ive short circuit current tem-

perature coefficient ([3i/Isc) as a function of

equivalent 1-bier electrop, close on solar

cell (_c').

Solar .':ell voltage temperature _oefficient

(I3E) as a function of equivalent 1-Mev elec-

tron dose on solar cell (_c').

Solar panel weight per unit area (Ws/A) as

a function of panel area (Ap).

In addition to the mission factors and functional relationships previ-

ously described, the following specific design inputs are required:

i C

A
c-a

A
I) - t]l _i X

Solar cell ar{,a.

Solar celt acliv(, area.

N1axlmu_ sir_gi_'-pa_:e ', ,i r(.:_ pe r_:litt(.d by

vehicle tit_,lll__h ¢,)nf_uratlc, r,, orb:t configu-
r&liuI'_, II],iNi!Tl,lll] dcf[ection, etc.

F
P

Solar array !)ackt>_ l lt¢t,,','. The ratio of

total solar ,.'t_ll area to total pap, el area.



F,

1

Solar ceil :.r:ntal_at_c,n l,i<<tor. T!-_c' axcrage

ratio of solar cell max_nuum power output after

array panel installation and connection to the
maxmuu_ _, p,_".er c._uttput before array panel
mstat_ctt_on.

r

_4

c

wh

Solar cell serie_ resistance.

Solar cell weight.

Array panel miscellaneous hardware (termi-

nals, adhesive, interconnecting wir-ng, etc. )

weight per solar cell.

Pcg

Pcb

Solar celi cow'r glasa density.

Solar cell col-,>ect.ion and insulation circuit

board der, sity.

d
cg

dcb

So_ar cell _,)x'_',' _lass thickness.

Solar ceil cl:cuit board thickness.

R Required so!ar array reliability at tin_e, t.
sa

Failure rate of solar cells.

Failure rate of interconnecting wiring.

Failure rate of isolating diodes.

k
c

1

k d

Photovoltatc Desig_x Computation Sequence. The computation is per-

formed according to the following sequence (see Figure 3-1):

1) Solar Cell Charztcteristics

Block A.*

Block I.

Block J.

Select desired solar cell type. Use either the standard

condition (bare, nondegraded, 140 mw/cm z, g8°C)

solar cell current-voltage characteristics or derive

the equivalent £unctionai relatiopship I ° = f(Eo).

= f{F%)Derive equivalent I-V function I °

o o e x:) F o - 1I = I - K Z . < . -

IF;°=0 1 _° I', o- j

The blocks discussed m Sub:sc,tior: II'_. A arc :sho_'.,1 _n Fie'ares 3-1 and 3-Z.
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where

K 1

K2

Eo(P m)
I

E

°Iio=0

in - iOlEo= 0

.........

°t o L °l  ,:0JJ
Z) Degradation Due to Particle Radiation. Particle radiation directly

reduces the cell output current and voltage. Additional, indirect reduct[ons

after radiation occurs in celt output are duc to decreases in cover glass

transmittance, adhesive transmittance, and change [n spectral response.

The direct reduction in cell output ts computed as tollows:

Block K.

Block L.

Change in current (,514))

Input, Isc__ (short circuit current after dose q_
from Block B) c

I

°lEo=0

Computation,

(short circuit current of new cell from
Block A)

AI_ = I I
sc-_ OlEo= 0

ell

1 =

Input, I =
o

output considering only reduction in current

f(Eo) ]

f(Eo) (cell characteristics from Block A
or J)

AI_ (Block K)

Translate the _ ur,,'e in Block A along current axis by

AI_

Output, I 1 =

E

eli 1

f(Eo) (cell characteristics)

(open circuit voltage)
=0
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Block M. Change in voltage (AE_)

Input, lg
oc -_

(open circuit voltage after dose _'
C

from Block C)

E

°ti1=0

Computation,

(from Block L)

AE = E - E

oc-@ Olil= 0

Block R. Cell output after radiation damage [I 1 = f(E1) ]

Input, I 1 = f(Eo) (from Block L)

AE_ (from Block M)

Translate [1 = f(I!_o) a|ollg voltage ax:s by ,AE4_

Output, I 1 = f(E1) (celt characteristics)

ll]EI= 0 (short circuit current)

3) Effective Solar Cell Insolation. The amount of solar irradiation

reaching the cell is a direct function of the sun distance from the space-

craft, the transmission losses in the cover glass and adhesive, and the

angle of incidence. In addition, changes in the _over glass and adhesive

spectral transmittance and the spectral response of the solar cell due to

particle radiation and angle of incidence reduces the effective insolation.

Block P. Relative effective solar cell insolation

Input, s (relative insolation from Block G)

F
cg

a

R
SC

(cover glass transmission factor after

dose 4_' from Block E)
cg

(adhesive transmission factor after dose
_ ' from Block D)

a

(,.elative short circuit current at angle
of incidence Fand after dose _' from

Block F) cg
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Computation,

s' _ sR F F
_( cg a

4) Output Change Due to 0pe:'._tip.g Tcmpern_ure. The deviation of

the operating ten_perature from the standard conditt,_m of the curve _n

Block A changes the ceil output current and voltage. An increase in tem-

perature from the standard results in a decrease in voltage and a relatively

small increase in current. The percent c,f current change due to tempera-"

ture also depends on particle radiation dose. The amount of voltage change

due to temperature depends also on effective solar <:ell insolation.

Block 0. Temperature d,_viation from _tandard (AT)

Input, T (array u_stalted solar cell temperature)
Sa

T (standard _olar <.eli temperature)
o

Con_putation,

& T : T T
sa o

Block S.

Block U.

Change in current (_IT)

Input, _3qlsc

IIIEI=O

(relative current te',nperature coefficient

after dose 4_ ' from Block N)
C

(from Block R)

AT (from Block O)

Computation,

= AT

AIT 1 IEI=

Change in voltage (AET)

Input, _3E (voltage temperature coefficient at insola-
tion s' from Block Q, s' from Block P)

5T {from Bl_>ck 0)

Computation,



Block T. Cell output at operating temperature [1Z : f(Ez) ]

Input, I 1 = f(E1) (from Block R)

AI. I, (from Block S)

AE T (from Block U)

Translate curve [1 : f(E 1) along current axis by AI T' £

and along voltage axis by AE T.

Output, I Z = f(Ez) (cell characteristics)

I21Ez=0 (short circuit current)

5) Output Change Due to Solar Cell insolation. The short circuit

current of the cell is directly prt_portional to the cell msolatton. Change

in current of the cell is equal to the change in sht_rt cLr_u_it current. Out-

put voltage change of the cell is effected indirectl} by insolation change.

The voltage ,.'ill change due to an increase or decrease in cell series

resistance drop.

Block V. Change in current (AIs),,

Input, s' (relative offective insolation from Block P)

I2[EZ=0

(from Block T)

Computation,

AI = (s' 1) IZ,

s IEz=0

Block X. Change in voltage (AEs)

Input, r (solar cell series resistance from cell data)

'-%i (from Block V)
S

Con_putation,

AE = - r AI
S S

3-11
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Block W. Cell outp:at at solar cell insolation [i 3 = f(E3) j

Input, I i = f(E Z) {from Block T)

AI (fcc:n'_ Block V)
8

AE (from Block W)
S

Translate curve t Z = f(Eg) along current axis by AI

and along voltage axis by AE T. s

Output, i 3 = t(E3) (cell characteristics)

6) Array-Installed Solar Ct, ll Output. Tht' wiring and connection

losses in the solar array are enter_d into the computation process by con-

sidering it a proportionate decrease in _e]l output pov. er at or near the

operating point.

Block Y.

Block Z.

Cell currer, t and voltage at maxitnun_ po<<er point

_e(Pmax ); E3{Pmax )]

Input, i 3 : f(g3) (from Block W)

Find maximum power point of curve 13 = f(E3)

Output, le(Pmax )

E3(Pma x)

Current and voltage change (AI.; AEi)
1

Input, I3(Pmax. )

E 3(Pma x )

Computation,

AI. =
l

(from Block Y}

I3(Pm)(1 - "_i)

Block AA. Cell output [l = i(E)]

Input, AI
[

%

AE
l

I.
_%

(from Block Z)

= t(E3) (fron_ Block W)
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Translate curve !3 = f(E3) alon_ current axis by AI
and along voltage axis by &E. l

1

Output, I = f(E) Ccelt characteristics)

7) Array-Installed Solar Cell Operating Current and Voltage. In

order to realize the _naxiFnuln output of the array at the design pou_t, each

cell should be operated at the ma×i,Ylum power point. However, practical

cell series and parallel connections and interconnections and array over-

sizing to gain desired reliability must be ¢;onsidered. As a result, the

cell operation at the design point will deviate fro.n the inaxln_um power

point.

Block BB. Cell maximum p{)wcr point (Pmax)

Input, I : f(E) (ct_ll <haracteristics from Block AA)

t;'_nd n-la×i,,_lunt power point _,d the curve ! = f(E) "\

Block CC.

Output, I(Pmax)

E(Pma x )

Nmnber of series and parallel cells in array (Ns,, Np)

Input, I (rcqulred solar array current from sys-
S&

tcn_s requirc_nent co_nputation, F_gure 2-6)

E
S&

(required solar array voltage fron_

syslems rcquir_cnt computation,

Figure 1-6)

I(P m)

E(P m)

Computation,

(from Block BB)

(from Block BB)

i
sa

I( Pm)
(first estimate of number of

ceils in parallel)

N
5

E

sa (number of cells in series)
E( Prn _

N
P

and N
S

must be integers.
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Block DD. Cell operating voltage (Ec)p)

Block EE.

Block RIM.

Blocks NN and OO.

Input, E (requ'_red solar array voltage)
sa

N
S

Co:nputation

(I:" .,n_ Biock CC)

E
sa

E -
o p N

5

Cell operating current (it)I))

Input, I = f(E) (cell characteristics from Block AA)

E (fro_, B}ock DD)
op

Determine ! ; the ,urrent on i = f(E) at E
op o p

Array output current ,:_t req,l_red reliab'_lit\. (i' sa)

(Refer to Step 8 for detail of reliab_itty computation)

Input, I = f(E) (from Block .GA)

I (from Block EE)
op

E (from Block DD)
op

N

s (frotn Block CC)
N

P

t d (n_ission time at design point)

R (required solar array reliability}
Sa

k (random cell failure rate from input data}
C

k. (intercormection failure rate from input
1 data)

Output.

k d (block diode failure rate from input data)

I" (array output current with computed
sa (tesi_n and requirc'd reiiatb_ltty)

Con_parison of calcuiated and required array output
cu r r ent._.

hM)ut, I

11

S&

(rcctuired solar array current)

(from Block MNI)
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. _ I . ',ucrease Np by IColntni,'t [_i with ; it T,, ,
in Bl'o_k O0 :_,,d _ }_.:_;,v.'" th:._ :;:i_utto Block MM. Re-

i;
peat rcl,abl'.:_._ , o,>:.;),_t<,.l:_,n _,! t,_nd res_ziting Isa.
Again co_:lpar,' the' ::,.'_ l" '._iIh I

:-_ ,q N ,] "

Repeat ,ibov, pr,,',',_ ;_-'.' c:i-t_i {' _l

8) Solar Array Rci{ab:.!i_.\ (R_fcrc.T:<,_ 3-7). tile _t_uiat_on of the

array output current at a specified r,:[i.-_biizty (Figure 3-2) _onsiders the

effects of red_tndant ilttcrcc;nn_v t_.c,_::5 ',vi,}-_r: the r.qoduie arr,xy. Open cir-

cuits due to mechani_ a] break._; :ntnc <",:-< u:t arc c on._idered !o be the pre-

dominant failure mode. Output _ _:,c,.l<_ ,_t ._ _i\-er- re]i<_bil_t\ cannot be

deter_nined fron_ Dart:-, L_,_:,lts -.,:,, ,' i_. i_ };:_}:)<_._:_ble. Io (ieltnw that a g_ven

number of failed vt,i_:_ f_:l-, i}:_ hr:'<_c 'c. ktkc <,::e t'..\,.<_" z_'./c<! , <.!1 d,,cs qt,t

fail the arr<Q'.

The effect {_f L_ti'it.'ti5 v')ll]}]ii'A[l<):l_ ,._1 <_}')t._:':-v:]_]'CtJ.]tt:'C{ t-t>[lS, iSti!a-

tlon diodes, ai-,d littc'rc();tn,,; ti(,r'..s .,i < _tr_'_.:;l c,ttti_,_t ,Lit l}lc [i.\t ¢{ \'o[t/l_C

(Eop) from a ser'es-par<_Ile[ u-..t,*r,-o,'n-.t._-ted a_ a<_'y :=, deterinc_e_l, usu:g the

solar cell I-V chara, teristics ge>c'raied _n B!o(:k EE.

The probability of apecilic typ,_s of failures m the array is cal-

culated together xv;.th t.hc_r ass<., :at_<.! fracti<mai output current. These

probabilities are then arranged il'. ,.,rd_>_ - <u ,-iccrc_._g value. An '.ncre-

mented reliability of the solar array _s then caicul<_ted for each of the

types of failures. Th_se incr,>:,_e><ts are summed in the order of decreas-

ing probability values, =_arti_g w:th the hitahes* prc_bah'.lity of occurrence,

until the total reliability is equal to or greater than the required reliability.

The fractional output current associated with the last incremented relia-

bility used in the summation ts then the fraction of the solar array current

with respect to the required so,tree current.

The reliability computation is perfor_ned according to the follow-

ing sequence {see FLcure 3-Z):

Block a. 59:}lar c_r:" ,,:" :'.t,.(]':[ ttor coni_u_i,ati_)n {p.t; s)

lr,.put. N (f_,.,_" 13],,_k CC o:" 00)
P

O,ltpvi_, Ch ..... s,t' :_'a_t zI:t,_'i_ur an,onJ 7 No/3, Np/4 .....
N llv

;- i ::7



i

Figure 3-i. Photovoltaic Design Computation

Flow Diagram
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Block b.

Block c.

This integer is "m" (number of parallel

modules) and the correspondir_g denominator

is "s" (number of parallel cells per module).

If none of the above ratlos produce an integer,

=N +I.
trigger Block O0 so that Np P

Probability of individual cell failure (P)

Input, k (_ingle cell failure rate from input data)
C

t (time from mission data)

Computation,

P - I - E

-k t
C

Probability of failures in a module (P j)@,

Input, P (froln Block b)

s (from Block a)

N (from Block DD)
S

Computation,

P
O,

N s
$

= (l-p)

whe r e

P
P,J

p = I, Z, .-., s

j = I, Z, -.., N
S

= j, (N s j):

s_

3-17
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Block d.

Block e.

Block f.

Block g.

Inversion of cell characteristics [E = f(I)]

Input, I = f(E) (from Block A_A)

E (from Block DD)
op

Invert I = f(E) such that E = f(I)

Translation of cell characteristics curve Iv

Input, E = f(I) (from Block d)

Computation,

v = E-E
op

Output, v = f(I)

Current in a single solar cell [Ic(_ s

Input, v = f(I) (from Block e)

' N s

N (from Block CC)
s

s (from Block a)

Solve

v(Il)

for

for

+)*
s

p = 1, Z, "'', s - 1

j = 1, Z, ..., N
s

Fractional output current of module

s

' s (from Block a)

I (from Block EE)
op

= f(I)]

Compute I
c

and F to not more than three significant figures.
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Block h.

Block i.

Computation

for

op

p = 1, Z, ''', s - 1

I p

j = 1, Z, -'', N
S

Probability of failures in module rows {Pp)

Input, P (from Block c)
o

P (from Block c)
P,j

Computation,

P = P
O O, -

N
s

P = Z P p = 1, Z, "'', s
P j=l P'J

Fractional output current

Input, P (from Block c)
p,j

P (from Block h)
P

' _s (from Block g)

Computation,

P

N

y p FP- J
j=l P'J s '

P
P

p = 1, Z, ..., s - 1

Compute I and F to not more than three significant figures.
c
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Block j.

Block k.

Block I.

Block m.

Block n.

Probability of diode and interconnection failures (Pdi)

Input, N s (from Block CC)

k. (input data)
I

k d (input data)

Computation,

- 2.(Ns + 1 )k i+kdt

Pdi = I -¢

(Assuming nonredundant series interconnections and

one isolating diode for each module)

Input, P (from Block h)
P

P (from Block h)
s

Pdi (from Block j)

Computation,

P
P = Pp(I - Pdi) 9 = 0, 1, Z, "'', s - 1

= P +
Ps s Pdi PsPdi

Define the (s + 1)-tuples (i o, i 1, "'"
i. is a positive integer and where
J

s

_. i. = m

j=o j

, i ) where each
s

Fractional output current

Input, (s + 1)-tuples (from Block 1)

(from Block i)
9

Computation,

i +i FI+izFz +-. is_iFs_l-- .
i o , i sF( i 1 , , )= o I' m

Arrange F(i o, i 1, "'', .is) in decreasing order and
arrange the corresponding (s+ 1)-tuples in the same
order.
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Block o.

Block p.

Block q.

Incremented reliability of solar array {ARsa)

Input, m {from Block a)

i o, i 1 , "'" , i for each (s+ l}-tuple (from
s Blocks 1 and n}

P ' PI' "'" P ' (from Block k)O' ' ' S

Computation,

m_ i i i

(Po') °(Pd ' (Ps')
ARsa = (i')(io I" )""" (is ') ""

for each (s+ l)-tuple in Block 1.

Sum of incremental reliabilities _(R"a)s

Input, AR
sa

Computation,

(from Block O)

R" = _AR
sa sa

Starting from first (s+ 1)-tuple in order determined
in Block n until

R" __R
sa sa

Output, The F(i o, i 1, "'', is) corresponding to the
(s+ 1}-tuple which resulted in R' -_R

sa sa

Solar array current output with cell failures (Isa)

Input, F(io, iI, ''' , is) (from Block n)

corresponding to (s + l)-tuple determined in

Block p

I (from Block EE)
op

N (from Block 00)
P

Computation,

I" = FN I
sa pop

3-Z1
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9} Solar Array Area

Block FF. Total number of cell in array (Nsa)

Input, N (from Block CC)
s

N (last output from Block OO)
P

Computation,

Block OG.

N = N N
sa s p

Array area (Asa)

Input, N (from Block FF)
sa

A (solar cell area from cell data)
c

F (area packing factor from input data)
P

Computation,

N A
sa c

A -
sa F

P

10) Solar Array Weight

Block LL. Weight of cell, cover glass, adhesive, wire, con-

nectors and insulation per unit cell {Wc')

Input, w (cell weight from input and cell data)
c

w (cover glass weight from input data
cg and selected thickness)

Wcb

w h

(circuit board weight from input data)

(miscellaneous hardware weight from

input data )

Computation,

w' = w +w + +w hc c cg Wcb

Block HH.
Number of solar panels in array (np)

Input, (area limit of solar panel from
Ap_max)J input data)

A (from Block GG)
sa

3-2Z



Computation,
A

sa
n

p Ap(max)

Adjust to next higher even integer if solar

panels are to be paired. Otherwise adjust to

next higher integer. (Assumes all panels are

identical. )

Block If.
Area of each solar panel (Ap}

Input, Asa (from Block GG)

n (from Block HH)
P

Computation,

A
sa

A -
p n

P

Block JJ. Weight of array structure (Ws/A)

Input, A (from Block II)
P

Type structure (input data)

Block KK.

Output, WslA (structure weight per area)

Area weight (Wsa)

Input, w ' (from Block LL)
c

Ws/A (from Block J J)

A (from Block GG)
sa

N (from Block FF)
sa

Computation,

Wsa = (Ws/A)Asa + Wc, Nsa

11) Solar Array Output with No Cell Failures

Block EE. t

Array current with no cell failures (Isa)

Input, I (last output from Block EE)
op

N (last output from Block OO)
P

3 -Z3



Computation,

I' = I N
sa op p

Block PP. Array output power with no cell failures (Ps')

Input I' (from Block EE)
sa

E s (source voltage from systems require-
ments computation Figure 2-6)

Computation,

P' : E I'
S S sa

1Z) Solar Array Performance at Other Than Design Point. The per-

formance of the solar array at other than the design point can be computed

by keeping N in Block OO and N in Block CC fixed and changing the mis-
p s

, F, AU, _' _' #cg' t, and possiblysion dependent input functions of Tsa c ' a '

Esa and Rsa. ' Repeat Steps 1 through 6

Block AA'. Output, I = f(E) (cell characteristics)

Block EE'. Cell operating current (lop)

Input, I = f(E) (from above procedure and Block AA)

E (from Block DD)
op

Determine I on I = f(E) at E
op op

Block MM'. Array output current at required reliability (I,sa)

Input, I : f(E) (from Block AA')

I (from Block EE')
op

t (new input data)

N s, Np, Rsa, k c, k i, and k d. Same as used
in design computation.

Output, I" (array output current with computed
sa

design and required reliability)

Block EE'. !

Array current with no cell failures (Isa)

Input, i (from Block MM')
op

N (last output from Block OO)
P

3 -24

&l :



Block PP'.

Block QQ.

13) Computation Outputs.

as follows:

Computation,

I' = I N
sa op p

Array output power with no cell failures (Ps')

Input, I' (from Block EE')
sa

E (input data)s

Computation,

P' = E I'
s s sa

Array output power with cell failures (Ps)

Input, I" (from Block MM')
s

E (input data)
s

Computation,

P" = E I"
S S sa

The output of the computation process are

(a) Solar array area (Ass)

(b) Solar array weight (Wsa)

(c) Power output with no cell failures (Ps')

(d) Power output with cell failures at other than design point

calculations (Ps)

(e) Solar arr, ay output characteristics [Isa = f(Es) ]

A sample calculation is performed in Appendix BI to illustrate the computa-

tion process. Parametric data for the functions required is given in

Appendix A1.

3. Parametric Data Generation

a. Bare Solar Cell Characteristics - Io = f(Eo) (See Figure AI-1)

The solar array design computation is based on the use of a bare
2

cell current-voltage characteristic under standard conditions of 140 mw/cm
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#
normal solar irradiation at air mass zero (AMO) and 2_8°C. Data which

perlnits direct utilization can be obtained from electrical measurements

made under illumination closely approximating the spectrum of solar ir-

radiation in outer space and at the intensity of the solar constant (Refer-

ence 3-6). Sufficient number of cells of the desired type for design should
be tested so that a minimum I-V curve can be evolved. Use of a minimum

I-V curve for the selected cell eliminates the need for considering match-

ing losses in the solar array design. The current-voltage characteristics

in Appendix A1 represent the results of solar simulation tests on numerous

silicon N-on-P solar cells having I0 ohm-cm resistivity material and i0

percent AMO conversion efficiency. These cells were manufactured by

several companies.

A solar cell current-voltage characteristic can also be presented in

an equivalent functional •form. The equation.for the current-voltage re-

lationship is

[q EIRs) ] EI = IL - I° _( - - I R
sh

where

I = solar cell current

I L = light-generated current

I = diode saturation current
o

E = solar cell voltage

A =, dimensionless constant

q = electronic charge

k = Boltzman constant

T = temperature

R = series resistance
s

Rsh = shunt resistance

The illumination spectrum and intensity of the mean earth distance from
the sun is referred to as "air mass zero" condition, abbreviated AMO.
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An approximate but simpler function based on the diode equation usually

provides sufficient accuracy for a solar array design computation. This
function is

where

(E)K1Eoc

= Isc(1 -K z) c - 1

I = short circuit current
SC

E = open circuit voltage
OC

the degrada-

The radia-

K 1 = constant (see Step 1 of Subsection III. A. Z)

K z = constant (see Step 1 of Subsection III. A.Z)

Figure 3-3 shows the comparison between the test data obtained current-

voltage characteristic curve of a 10 percent,' 10 ohm-cm, N-on-P cell

and the approximate functional form.

b. Particle Radiation Environment and Equivalent 1-Mev

Electron Dose (_c' _a' _cg )

To facilitate evaluation and interpretation of environmental radiation

damage to a given type of solar cell and comparison with experimental data,

the energy-dosage spectra of environmental electron and proton radiation

and of solar flare radiation are adjusted to 1-Mev electron energy and all
%

cell damage phenomena are considered as a function of equivalent 1-Mev

electron dosage. The experimental data on radiation damage is obtained

by means of a 1-Mev Van de Graaf generator, and the limitation imposed

by this energy requires adjustment of all cell damage data to 1-Mev elec-

tron energy and equivalent dosages.

If the solar cell is covered with cover glass and adhesive,

lion of these with exposure to radiation must also be considered.

lion spectra incident on the cover material are adjusted to 1-Mev electron

energy and damage to the cover material is considered as a function of

equivalent dosage.

To adjust the energy-dosage spectrum of environmental electron

radiation to 1-Mev energy for the solar cell itself, the integral spectrum

is differentiated with regard to energy to obtain the dosage as a function of

3-Z7



=7

u'3
U.I

,.J

Z
Iv
IX

a

9O

8O

7O

6O

5O

40-

30-

20

10

0
0

I
O-SO = I° I Eo=0

=66MA

E =E
O-OC 0 I =0

0

: 0.54 VOLTS

I° (Pro) :60 MA

E° (pro) : 0.443 VOLTS I : 0.066
0

I
0

1 1
0.1 0.2

11-1.5X 10-6IE'25Eo_t

: 26.6 MW

: 10%

VOLTAGE, VOLTS

Figure 3-3. Solar Cell Current-Voltage Characteristics
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energy. The omnidirectional flux per unit energy internal is then adjusted

for geometry of particle incidence and cover material thickness to yield

the energy-dosage spectrum actually striking the cell surface (Reference

3-2). This ad3ustment is independent of the type of solar cell but varies

for different cover materials and thickness. The threshold energy for the

cover material, below which electrons will not penetrate, is slightly dif-

ferent for different cover materials (such as quarts or microsheet). For

a given cover material, the threshold is a function of thickness. Because

the magnitude of the threshold influences the energy-dosage spectrum inci-

dent on the cell surface, both the particular cover material and the thick-

ness being used must be considered in calculating the energy-dosage

spectrum incident on the solar cell surface.

For both proton and electron radiation, the energy-dosage spectra

vary with the anticipated environment and thus from one mission to another.

A typical example of the procedure discussed here is shown for a 10 ohm-

cm N-on-P solar cell. The integrated electron energy-dosage spectrum

for a given orbit is shown in Figure 3-4 and the integrated proton energy-

dosage spectrum in Figure 3-5. The differentiated electron spectrum,

i.e., the dosage as a function of energy, is shown in Figure 3-6. The

differentiated proton spectrum is similar.

The relative damage effectiveness of electrons with respect to 1-Mev

electron energy and that of protons with respect to 10-Mev proton energy

have been determined experimentally by STL (References 3-4 and 3-5).

For 10 ohm-cm N-on-P ceils, the relative effectiveness of electrons rela-

tive to 1-Mev electron radiation is shown in Figure 3-7. The relative

damage effectiveness of electron or proton radiatiort gives the equivalent

dosage of radiation at a reference energy level (e.g.,. 1 Mev for electrons,

10 Mev for protons) and is independent of any particular radiation envil:on-

ment but varies ior different types of solar ceils.

The damage effectiveness for protons relative to 10-Mev proton

energy is converted to effectiveness relative to 1-Mev electron energy by

means of comparing experimentally observed proton and electron damage

to the given type of solar ceils. The product of differentiated electron or

proton spectrum results in the respective equivalent 1-Mev electron spec-

trum. Figure 3-8 shows this product for the example cell and electron

3-29
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dosage. The integral of these spectra yields the dosage for both protons

and electrons for the anticipated environment in terms of 1-Mev electron

dosage. The same procedure may be employed for solar flare radiation,

which consists primarily of high energy protons.

For covered ceils, in addition to degradation of cell output with ex-

posure to radiation, the shielding capability and degradation of the cover

material must also be considered in calculating the effect of radiation on

a solar array. The cover materials presently used are glasses (e.g.,

quartz) in the form of thin sheets which are bonded to the solatr cell by a

transparent adhesive.

The same procedure used for evaluating radiation damage to solar

ceils is used for the cover material. The dosage-energy spectra of the

environmental electrons and protons (and also the spectrum of solar flare

radiation) are transferred into equivalent dosages of 1-Mev electron radia-

tion. The relative damage effectiveness of electrons relative to 1-Mev

electron radiation and that of protons relative to 10-Mev proton radiation

are calculated as for the solar cell itself. The relative damage effective-

ness for protons relative to 10-Mev protons is then converted to the relative

damage effectiveness for electrons relative to 1-Mev electrons, as is done

for the solar ceils. Dosage-degradation relationships are then calculated

for the cover material in terms of 1-Mev electron radiation. Since dif-

ferent cover materials deteriorate at different rates when exposed to radia-

tion, these degradation-dosage relationships will vary with different cover

materials. In addition, these degradation-dosage relationships will depend

on the thickness of the cover material.

The adhesive does not appreciably affect the energy-dosage radiation

spectra incident on the solar cell. The spectra incident on the cell is con-

sidered the same as emerges from the cover material. The adhesive it-

self, however, becomes increasingly opaque with radiation. Radiation

damage to the adhesive may be treated the same way as for the cover

material.

As mentioned above, the energy-dosage spectra of the radiation inci-

dent on the surface of a covered cell must be adjusted for the presence of

the cover material and the effect of radiation on the cover material. Since

one of these effects may be a change in the optical properties of the cover
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material, the illuminatio6 of the solar cell is also affected. Hence, the

illumination of the covered solar cell and the radiation incident on the cell

must be considered as a /unction of the radiation incident on the cover

material and its effect on the cover material in dealing with any particular

combination of solar cell and cover material. Mathematically, the result-

ing relationship would tend to'be complicated, and necessary approxima-

tions may have to be used.

c. Short Circuit Degradation

The short circuit current as a function of integrated electron flux is

based on data reported in References 3-1 and 3-3. Measurements were

performed on 1 x 2 cm, 10 ohm-cm, N-on-P silicon solar cells produced

by different manufacturers, using simulated solar illumination at an inten-

sity of 140 mw/cm Z. Figure AI-2 represents the average of the test

results.

d. Open Circuit Degradation

Open circuit voltage also exhibits a degradation with electron dose.

This degradation is in addition to that which would be expected by the de-

crease in short circuit current alone. The component of the decrease in

open circuit voltage that is due only to the decrease in short circuit cur-

rent is defined and described in Reference 3-11. The change in open cir-

cuit voltage from that of a nonirradiated cell is, therefore, the sum of

voltage degradation due to electron dose and due to the decrease in short

circuit current caused by the electron dose. The open circuit voltage

a function of integrated electron flux is also based on data reported in

References 3-1 and 3-3. Corresponding open circuit voltage is shown in

Figure A1-3.

e, Cover Glass and Adhesive Degradation

Solar cells are covered with cover slides of fused silica or micro-

sheet glass in order to:

• Screen-out low energy protons

• Reduce the electron and proton flux experienced by the
solar cells themselves
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• Provide protection from micrometeoroid erosion of the
solar cell surface

• Enhance the spectral emittance of the surface.

The cover slides are provided with interference filters of two kinds. One

filter, placed on one side of the cover slides, is an anti-reflective coating

of MgF Z, the function of which is to reduce the reflectance loss. The other

filter, placed on the other side of the cover slides, is an ultraviolet re-

flective filter whose function is to protect the cover slide adhesive from

ultraviolet radiation, which otherwise would cause a loss of transparency

of the cement used to secure the covers to the ceils. The use of the filter

also 'reduces the cell temperature slightly because of the reduced solar

absorptance. This tends to increase the power output from the ceils.

However, an overall decrease in power output results, since part of the

solar spectrum is prevented from reaching the solar cell and being con-

verted to electrical energy. This decrease is a function of the cutoff wave-

length of the ultraviolet filter.

Cover slides, plus the adhesive, reduce the initial effective insolation

on solar cells. Both fused silicon and microsheet glass, when bonded to

the cell, have an effective transmittance in the solar cell response spec-

trum of approximately 94 to 98 percent depending on the solar cell surface

treatment. 'The adhesive is assumed to cause no reduction in transmittance

within the cell response spectrum. However, particle radiation induces a

transmittance change in adhesive and cover material, and, as a result,

reduces the cell cur_-ent further, in addition to that caused directly by

radiation. At high electron dosages, the transmittance for the bare

cover material decreases only slightly, whereas for cover glass with ad-

hesive, a greater degradation results. The resulting reduction in cell

short circuit current is partially caused by the change in transmittance of

the cover materials and partially by delamination occurring between ad-

hesive and cover material and between adhesive and cell surface. Fig-

ure A1-4 (adhesive transmission factor as a function of electron dose) and

Figure A1-5 (cover glass transmission factor as a function of electron

dose) are based on results of radiation tests on bare N-on-P silicon solar

ceils and on solar cells with various cover materials, performed with

1-Mev energy electrons for integrated fluxes up to 1016 e/cm Z. The data
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presented in Appendix A1 is for l0 ohm-cm, 10 percent. N-on-P solar

cells. Experiments to date have been conducted in air at I Mev. It is not

known what effect actual charged particle environment in space will have

upon the adhesive. According to data obtained in the TRS-1 flight program

(Reference 3-3), adhesive damage may be less than indicated by laboratory
test results.

f. Temperature Coefficients

The temperature coefficient of the electrical output of a solar cell is

a function of temperature, electron flux, and illumination intensity. For a

given condition of electron flux and illumination, the temperature coeffi-

cient for short circuit current and open circuit voltage are nearly constant

in the temperature range of 10°C to 80°C. At lower temperatures, the

absolute values of temperature coefficient decrease.

Based on measurements reported in References 3-8 and 3-9, the

short circuit current temperature coefficient increases both in actual and

normalized values after electron irradiation. Actual temperature coeffi-

cient for short circuit current has a positive correlation to light intensity.
%

The normalized temperature coefficient for short circuit currents, how-

ever, remains nearly constant with light intensity. This applies both to

nonirradiated and electron irradiated solar cells. Therefore, the normal-

ized short circuit current temperature coefficient is a function only of

particle radiation and is shown as the curve in Figure A1-7 for a 10 ohm-

cm, 10 percent, N-on-P solar cell in the temperature range of 10°C to

80°C.

Temperature coefficient for the open circuit voltage is negative and

remains nearly constant in actual values with increasing electron dosage.

The normalized values, however, show an increase in magnitude. Both

the actual and normalized values of the temperature coefficient for the

open circuit voltage show a decrease in magnitude with increased light in-

tensity. Therefore, the actual open circuit voltage temperature coefficient

is a function only of insolation and is shown in Figure A1-8 for a 10 ohm-

cm, 10 percent, N-on-P solar cell in the temperature range of 10°C to

80°C.
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g. Effects of Angle of Incidence

The short circuit current output from silicon solar cells under

constant collimated illumination is a function of the angle of incidence.

This function is dependent upon the optical absorption coefficient of sili-

con and, when covers are used, upon the cover material and interference

filters. Electron irradiation affects the reflectance of the interference

filters and, consequently, the short circuit output current.

The ratio of short circuit current of a covered solar cell with inter-

ference filter at any angle to the short circuit current at normal incidence

(II4/I 0 = Rsc } as a function of the cosine of the angle of incidence (cos F},

as described ua Reference 3-8, is shown in Figure A1-6. It is seen that

the ratio Rsc is greater than the value of cos Fbetween 1.0 (cos 0 degrees}

and approximately 0.5 (cos 60 degrees}• The cause for values of R,
sC

above cos F for the covered ceils is a decrease in the reflectance of the

interference filters at short wavelengths and approximately constant re-

flectance at longer wavelengths with increasing angle of incidence up to

about 60 degrees. This decrease in reflectance in the region of 0.32 to

0.43 micron is a property of the reflective interference filters. At angles

of incidence above 50 degrees, the reflectance of the cover above 0.43

micron starts to increase at an accelerated rate, which results in a rapid

decrease below cos F in the function R
sc

Electron irradiation changes the spectral reflectance in such a man-

ner that the spectral reflectance below 0.45 micron decreases at all angles

of incidence, whereas it increases slightly at longer wavelengths. As a

result, R decreases more below cos F at all angles of incidence with
sc

increasing electron dosage. The rate of change is higher for larger

angles of incidence than for smaller angles.

h. Series Resistance (rs)

Variation of series resistance with 1-Mev electron dosage at Z8°C

have been investigated. The series resistance was determined in accord-

ance with the method described in Reference 3-11 from the I-V characteris-

tics of solar cells at various light intensities after various levels of elec-

tron irradiation. Th_ results showed no definite trend of the series

resistance with electron dosage. As a result, it is assumed that the ,
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iO 15
series resistance remains constant up to l-Mev electron dosages of 10

Z
e/cm The values obtained experimentally per Reference 3-I0 are ap-

proximately 0. 38 ohms for P-on-N ceils and 0.73 ohms for N-on-P cells.

i. Solar Array Structure

Studies were conducted on a series of rectangular solar panels vary-

ing in area from I0 to I00 square feet. As an aid in establishing array

specific weights and area utilization factors, the following conditions were

assumed:

o Module containing 20 standard 1 x 2 czn cells each 2-0 mils
th i ck.

o Panel width of approximately 60 inches, such that tnaximum

area utilization can be obtained using above modules.

o Panel area increase by _neans of panel length increase,

o Panel of sufficient strength to support itself horizontally in
a l-g field with a nonainaI deflection, This condition was

established for purposes of selecting material gauges in the
absence of other load criteria,

o Miniznum weight materials and latest fabrication techniques.

Figure AI-9 shows the structure specific weight (Ws/A) versus panel area

(Ap) for primary panels (deployed-fixed single fold) and secondary panels

(deployed-fixed double fold). For comparison, Table 3-1 gives the specific

weights for a number of existing solar array configurations, including

oriented arrays, body-mounted spinning arrays, and oriented spacecraft

arrays. A possible maximum cell density array configuration for a large

oriented spacecraft is shown in Figure 3-9. The maximum possible cell

density was based on a packing factor of 0.96.

j. Solar Array Temperature (T )
sa

Temperature of the cells in a solar array is calculated from a sepa-

rate computation.

ture is

A t _-_ T 4

Under steady state conditions, the equation for tempera-

= AHs_sl(1 - rl)F _ + AHprasZFpr + AHPcs2-F p (1)
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where

A

A t

H
s

H
P

H
pr

T

= projected area to radiation (m z)

= total emitting area (m Z)

= solar irradiation at array (watts/m / )

= planet emission (watts/m z)

= planet reflected solar radiation (watts/m 2)

= array temperature (OK)

asl

asZ

E

= average solar absorptivity, sun facing side

= average solar absorptivity, rear surface

= average emissivity at temperature T

CsZ = emissivity at temperature T, rear surface

= solar cell conversion efficiency

o- = _. x 0-8 watts 7
Stefan Bolzman's constant 67 1 m__[

k

F = shape factor to solar irradiation
s

F = shape factor to planet emission
P

F ;= shape factor to planet reflected solar radiation
pr

Spacecraft operating in orbital trajectories are exposed to alternate

high and low thermal inputs. The highest and lowest temperatures of the

cells depend on the orbital period of intensity of the incident radiation and

on the thermal capacity of the solar array. Usually, the thermal response

rate of solar arrays is rapid enough so that reasonable approximations of

temperature can be obtained from the use of both the steady state and a

transient analysis. The two equations to be used describe the heating as

a function of time from the array entering sunlight from an eclipse, Equa-

tion (1), and the cooling of the array during eclipse. The cooling relation

(assuming no planet input) is

T = 1 (Z)
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where

T = temperature at start of eclipse
o

t = time after entering eclipse

W = array weight per unit area

c = specific heat of array

The temperature calculated from steady state conditions Equation (1) at

start of eclipse is used as starting temperature T in Equation(g).
o

Temperature-versus-time relation is then solved semi-graphically from

generalized curves of the fundamental parameters in Equation (1}.

Steady-state temperatures and end of eclipse temperatures for vari-

ous Mars orbits and one Venus orbit have been analyzed and are presented

in Table 3-Z. The orbits are described in Table 3-3. Table 3-4 shows

the predicted end of eclipse temperatures for the various orbits.

Table 3-2. Steady State Temperatures in Sun

Temperature (OF) Estimated
Orbit Position AU AU AU Error S Planet

1.386 1.540 1.667 (°F)

Subsolar 67 50
1A

Terminator 35 1Z

Subsolar 67 50
1B

Terminator 35 I Z

Subsolar 60 40
ZA

Terminator 30 8

Subsolar 60 40
ZB

Terminator 30 8

Z8 ,,
Subsola r 220..5X Terminator

39 ±10 Mars
0

39
±I0 Mars

0

Z8
±i0 Mars

-I0

Z8
±I0 Mars

-10

+10, -Z0 Venus

±10

Due to variation in surface finishes,

AU= 0.7Z.

proxtmity of vehicle to array, etc.
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Table 3- 3. Orbit Parameters

Orbit

IA

IB

2A

Period Altitude (kin) Inclination

(rain) Perigee Apogee (deg)
I

456 1800

456 1800

10,700

219

10,700

2B 219

3A 190

X 138

2300 circular polar

2300 circular polar

1800 circular

2300 circular

70

33

Polar

33

33

0

Eclipse

Full sun first

140 days

85 rain. eclipse

Full sun first

50 days

45 rain

45 min

37 rain

All orbits are around Mars except X (Venus).

Table 3-4. Transient Eclipse Temperatures

Orbit

Maximum Eclipse
Time

(hr)

Temperature
Entering Eclipse

(°F)

Temperature end

of Eclipse
(°F)

IA 1.42 0 -200

IB 1.42 "0 -200

2A 0.75 -I0 -160

2B 0.75 -I0 -160

X 0.61 +225 -120
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B. FLAT-PLATE SOLAR THERMOELECTRIC GENERATOR

The flat-plate solar thermoelectric generator has been developed to

provide a low cost, high reliability power supply that would be directly

applicable to space uses. The thermoelectric elements comprising the

solar array are relatively insensitive to Van Allen radiation and, at con-

templated operating temperatures, would exhibit a longevity equal to or

better than photovoltaic cells. Since unconcentrated solar heat creates

the temperature differential across the elements, an array must consist

of many small elements within a large surface area in order to provide

power at a realistic load voltage.

The development of such a system (Figure 3-I0) has been pursued

by the General Atomics Division, General Dynamics Corp., first as

company-sponsored research and later under contract to the U.S. Air

Force. Results of this work provide the only obtainable data relating to

many phases of flat-plate thermoelectrics, including flight acceptance

testing and orbital test data. This portion of the study, therefore, relates

solely to the General Atomics (GA) flat-plate development effort. While

it is understood that at least one other similar effort is in progress, insuf-

ficient information has been made available to permit its assessment or to

consider the effort as competitive with the present state-of-the-art.

The parametric data relating thermoelectric characteristics to

degradation, as found in Appendix A2, were derived from two principal

sources. Where experimental values could be obtained from GA, these

data are provided. Where information necessary to the development of

this study was lacking, estimates based on the composite results of numer-

ous thermoelectric generator programs were made. As future flight test

data is generated and becomes available, revised values may be inserted

into the flow diagram and computations updated accordingly.

1. Assumptions for Study

The data provided by this study and the conclusions drawn from it

presuppose a competitive state of development between flat-plate solar

thermoelectrics and other space power supplies. Furthermore, a continu-

ing capability by GA to supply panels is assumed. Important considerations

which have been ignored, including cost, fabrication time, and launch
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vehicle compatibility, are also assumed competitive. Thus, this study is

limited to a consideration of the thermodynamic and electrical character-

istics to be expected from an array composed of GA-type thermoelectrics.

The sample calculations {Appendix B2} used to illustrate the use-

fulness of the flow diagram are predicated upon a hypothetical mission with

the following general characteristics. A spacecraft will travel between

Earth and Mars while maintaining a constant power level for housekeeping

and transmission. On reaching the vicinity of Mars, the vehicle will orbit

that planet, still maintaining a constant power output level for the designed

life of the mission.

A flat-plate thermoelectric efficiency depends on solar intensity for

energy conversion. Consequently, the distance from the sun as well as

the array angle to the sun are determining factors in array performance.

It has been assumed for this study that design power shall be deliverable

to the end of mission life; therefore, excess power is potentially available

from two sources. First, solar collector surface has been increased to

compensate for the low solar intensity at Mars orbit. Secondly, the ther-

moelectric panel has been increased to compensate for degradations that

will probably occur during mission life. Since these compensatory factors

would tend to overpower the vehicle at any time before end of life, the

following means has been assumed feasible to regulate on-board power.

At any position closer than Mars orbit, solar intensity may be reduced at

the collector by introducing a tilt error in the array as it faces the sun.

In this way, heat input can be maintained at a Mars solar intensity of 0. 050 watt/
g

cm At any time before end of life, if more than the design power is pro-

duced because of an excess of thermoelectric couples still operable, a

variable resistive load may be employed to automatically maintain design

power at the bus.

While the above regulatory techniques might not be attractive to

either the contracting agency or the manufacturer, they have been intro-

duced into this study to reconcile power conversion with a hypothetical

mission. As such, they provide the means of overcoming degradation and

insuring the delivery of design power throughout mission life.
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2. Development of Design Computation Process

The proc,ess for flat-plate solar thermoelectric design computation

has been prepared in three separate but related steps. The first step,

Electrical-Thermal Characteristics per Couple, defines the power output

in terms of voltage, current, and load resistance is a function of recom-

mended temperature. The second step, Heat Balance and Panel Design,

reconciles the heat flow through the module with thermocouple power

output, permitting the collector-radiator surface area to be calculated.

Modular weight per couple and, in turn, sizing of an array that would

deliver the designed power, may then be determined. In the third step,

Mission Influence on Panel Oversizing, various factors that contribute to

power degradation with time and/or distance are factored into panel over-

sizing to yield design power at end of mission.

a. Electrical-Thermal Characteristics per Couple (Figure 3-11)

Performance data relating to element thermal conductivity, electri-

cal resistivity, and Seebeck voltage vary as a function of temperature.

Separate parametric data curves are supplied by the manufacturer for "n"

and "p" elements of the matrix material selected for the thermoelements.

Different dopants in the same matrix material require separate performance

curves, and even varying percents of the same dopant will exhibit individual

characteristics. Temperatures anticipated during the mission usually

define the "n" and "p" elements to be employed. From these data, the

electrical properties which may be exhibited by the flat-plate couple are

calculable. The equations given will provide figure _f merit, matching

factor, voltage, current, and internal resistance at the temperature

selected or recommended. These equations are based upon maximum

power generation rather than matched impedance between source and

load, since, with thermoelectricity, current is not independent of volt-

age. In turn, theoretical power (watts) per couple is determined. An

independent check may be made by calculating theoretical power as a func-

tion of heat economy through the couple. The Peltier-Thompson effect,

conducted heat, and Joule heating are used to calculate heat in and heat out of

a couple. The difference between the two is that portion of heat converted

to electricity. However, theoretical power is unrealistic and does not take

into consideration the resistance encountered as current passes through
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the elements and bonded shoes. To reconcile this power loss, the load

resistance (per couple} must be calculated, and from this, load power. The

sometimes gross difference between theoretical and load power has been

a major obstacle in overall thermoelectric development in the United States.

While thermoelectric element resistance is a fixed and intrinsic property

of the material and dopant employed in element fabrication, this resistance

can be only a small part of total couple resistance. The chief contributor

is usually the contact resistance, usually initiating at the fused, brazed,

aoldered, etc., junction between the element and "shoe." Each element

employs shoes at its hot and cold ends to provide the means of connecting

elements to a common bus and thereby forming thermoelectric couples.

Dissimilar expansion and contraction of element and shoe cause cracks that

can increase the contact resistance from several milliohms to a complete

open circuit, depending on the e_tent of damage. It is usually the p-type

element bonds which exhibit the higher resistance, because these elements

are more brittle.

In calculating the theoretical power of a couple by means of heat flow

(Appendix B2), the following phenomena must be considered. At the heat

absorber, a part of the solar energy spectrum is reflected back to space.

That which is absorbed on the surface is further reduced by reradiation to

space. The remainder flows through the flat-plate cross section, but notneces-

sarily through the elements. However, this calculation is concerned

solely with the portion of heat that does flow through the elements. At

both the hot and cold ends, the Peltier-Thompson effect manifests itself.

Thi_ tends to cool the hot junction and warm the cold junction, reducing

the temperature differential and, consequently, the voltage. In addition,

Joule heating, a somewhat less detrimental effect, is the result of re-

conversion of electi-icity back into heat. While this effect occurs uni-

formly throughout the length of the element and does not affect the Seebeck

voltage, it does constitute a waste of converted electrical energy. The

preponderance of heat flows through the elements, contributing nothing to

power production. The quantity of heat conducted through is greatest at

lower temperatures, where the thermal conductivity is the highest. This

is why thermoelectric efficiency increases with operating temperatures,

through a constant differential.
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Having calculated the foregoing losses, the heat into and the heat

out of a couple may be determined, with the difference being equal to
b

the theoretical power of the couple. In determining load power from

load resistance, the manufacturer usually provides a resistance per

couple, or else per contact. A typical input is employed in the sample

calculation, where the contact resistance per shoe is taken to be 5 percent

of internal resistance per couple. This represents a best value that may

later be increased by array operation. Since there are four such contact

joints per couple, the unit contact resistance must be increased fourfold

for calculation purposes.

b. Heat Balance and Panel Design (Figure 3-12)

Thermoelectric characteristics leading to load power determination

per couple were predicated upon recommended working temperatures

across the "n" and "p" elements. Calculations are aimed at a verification

of the realism of selected operating temperatures and, based upon them,

determining an absorber/radiator area compatible with the solar input.

To accomplish this, one must examine the factors governing the thermo-

dynamic balance existing through the cross section of a couple module.

Such a module _ consists of (1} the heat absorber, (2) a thermocouple, (3)

the internal structural support honeycomb, and (4) the heat radiator. The

absorptivities, emissivities and thermal conductivities of these components

regulate heat flow and, hence, temperature. A collector area is then de-

termined, based upon assumed hot and cold operating temperatures. From

this area, the "Q" through the components is determined. Validity of the

assumed temperature is verified by a recalculation of radiator tempera-

ture, based upon the recently calculated modular area. If both the assumed

and calculated radiator temperatures agree (within 1 degree), then the

module (as defined) is both realistic and feasible. However, if a discrepancy

' then iterative recalculation becomes
is found to exist between T R and TR,

necessary. The latter value of radiator temperature is taken to be the

more correct, and, retaining the assumed collector temperature, a new

T value is introduced into the first step (Electrical-Thermal Character-
c

f

istics per Couple) of the calculation process and the entire calculation

remade. Obviously, each recalculation may change the electrical proper-

ties of the couple as well as the required modular collector area.
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When agreement is reached on the radiator temperature, the modular

thermal conversion efficiency may be calculated. This value expresses

electricity generated as a function of all heat seen by the module, including

that portion which was reflected and reradiated at the absorber. This

method of expression is preferred over one limited to heat passed into a

couple, as it permits a judgement of the flyable system rather than a

laboratory-measured the rmocouple.

Having defined the area of a one-couple module, its weight is next

determined. To do this, individual component weights are determined,

based upon manufacturer supplied values. These are then added to obtain

a modular weight, per couple. The modular enlargement factor or number

of such couples required to provide the designed power is calculated from

load power per couple and designed power value. If one then multiplies

the module weight and area in turn by this enlargement factor, panel char-

acteristics are obtained. However, to fly such a panel, structural support

and an unfolding mechanism are required. They do not contribute to

array sizing but do increase array weight. This weight increase will

be provided by the manufacturer and has been represented by a percent

of increase in panel weight.

c. Mission Influence on Panel Oversizing (Figure 3-13)

The flat-plate thermoelectric array designed in the preceding step

could supply the designed power if no degradation occurred during the

mission life. The design also neglects such factors as pointing angle

error and meteorite damage. The present state of development of this

power supply has not included an assessment of many modes of degradation;

tt_e state-of-the-art understanding may not have defined all kinds of degrada-

tion. However, based upon data made available from the GA study as well

as other thermoelectric generator programs, the following effects have

been included in oversizing:

&

1) Degradation Due to Thrusting. The shock and vibration which
accompany lift-off and"continue throughout powered flight may

exert a detrimental effect upon the thermoelectric bonds. This
will manifest itself as an increase in load resistance and could

reduce voltage if "opens" occurred in element bonded joints.

While lead telluride-type thermoelectric elements exhibit high
(104_]_si) compressive load strengths, they are quite sensitive

to shear forces. The "p" materials are usually several times

3 -54



_i

,! t
RECVCL;NG DEG - RADIATION

_-,)I._.OWING • I000 FiR AT

STEADY STATE

I
1

I ; ORBITS (K9)
I i

POINTING ACCURACY P
pa

Ppo F_ _s ["

POINTING ERROR , _l

_! .,i_l_y ENLABGEJ_ENT FACTOR L

'" --'N I

......-_i 2_-i;,)_D,,;br,__;;r°,)%4

AVAILAaLE POWER AT

EARTH LAUNCH

pe_= (N2)_Pd)(Dt)(PF_)

fl CORRECTED ARRAY WEIGHT ! "Vc°

-- | We° = N2 W° !

J _-i ARRAY CORRECTION TILT _.

to movtoeDeSlON I_,VR

/au\ 2
- I cos_ :t,_-_d_

Figure 3- 13. Flat-Plate Solar Thermoelectric Design

Computatio.n Flow Diagram n Mission

Influence on Panel Oversiging

3-55



DATA SL,_P!. IED

8Y

MANUFACTURER

T,

K_

K 9

r

Pd

DEGRADATION DUE TO

THRUSTING

Dt; -K 7

I I
STEADY STATE DEGRADATION

FACTOR

i i
i
I

1

| h "

REC {CLIb 3 DEGRATIC]N

FOLLOWIt _ |000 HR AT
Ii

1%_ADY STATE

D Rll

r i I

II '" ORBI (Ke)

SHEET 2

I I Aui]MISSION DATA

AU



L

t

more fragile than the "n" materials. For this reason, folded

panel position would be most critical aboard a launch vehicle.

Preflight acceptance tests by the manufacturer have provided

combined effect data on shock and vibration in various planes

which has been interpreted as a constant for this mission.

Z) Steady-State Degradation. It has been demonstrated by every

extensive testing program that thermoelect_:ic materials have

a finite life expectancy even under the most controlled operat-

ing conditions. This gradual reduction in power per couple

may be attributed to (a) dopant migration within an element,

(b) dopant volatilization out of an element, (c) grain growth,

(d) poisoning and perhaps several phenomena not yet observed.

It is imprudent to estimate life by extrapolating a short-term

test period or by testing under other than true environmental

conditions. Valid conclusions can only be drawn from tests

which approximate the anticipated mission time and approxi-

mate mission environment. Lacking such data for this study,

the effect of steady-state operation can only be approximated

as Z percent per I000 hours of operation. A graphic repre-

sentation of this effect is shown in Figure A2-7.

3) Thermal Cycling (after_ 103hours steady- state operation). Be-

cause cast-formed thermoelectric elements fracture more

easily, lead telluride-type elements are usually made by press-

ing and sintering. This more finely grained and randomly

oriented crystal structure better resists crackin_ from mechan-

ical or thermal stresses. It has been reported that if thermo-

couples are recycled continually, the effect of cycling is a

negligible one, provided low hot junction temperatures are

maintained, if recycling is performed after less than i000

hours of steady-state operation, the effect on degradation is

still small, although measurable. Apparently, insufficient

time would have elapsed for grain growth to become critical;

then, with the initiation of thermal cycling, further growth is

arrested. Here again, I000 hours is considered a safe inter-

val, provided operating temperatures of the thermocouples

have been kept below 300°C. Crystal growth is a function of

time and temperature. For a hypothetical k4ars mission,

this situation is not indicative, since journey time between

Earth and Mars would be in excess of 200 days. However,

a degradation plot is shown in Figure AZ-8 for future

consideration.

4) Thermal Cycling (after > I03 hours steady-state operation).

The crystal growth described above will, if allowed to progress

beyond i000 hours, constitute a real detriment to reliability.

Although insufficientinformationhas been made available to

accurately assess this effect for the purpose of this study, it

has been assumed to be double that discussed in the preceding

paragraph. Based upon this assumption, a graphic degradation,

with time at re_ ycling temperature> is _h_,, _ in Figure A2 o.

j- ,',



It is this curve that is employed for the Mars mission

calculation in Appendix B2. The assumed degradation here

is 4 percent per 100 thermal cycles (Mars orbits).

5) Sun Pointing Accuracy. The flat-plate thermoelectric panel
area, as calculated in the second step (Heat Balance and

Panel Design), is predicated upon the panel being normal to

the sun. Therefore, the total array size and weight also

depend upon perfect sun alignment. However, it is not within

present state-of-the-art capability to guarantee such accuracy.
For this reason, a diminution in solar input must be under-

stood to be present. If we assume an accuracy comparable

to that designed into the Orbiting Geophysical Observatory
satellite, then an error of only -+3 degrees will exist. From

the, graphic interpretation seen in the appendix, it follows
that such error would reduce solar intensity to 0. 9985 that

expected. Since such an error is actually less than the error

in the solar constant, it loses significance from panel sizing
calculations. However, malfunction of attitude control result-

ing in a 14-degree error would depress solar intensity by

3 percent. A graphic representation of this effect is shown

in Figure AZ- 10.

If each of the above described degradations is expressed in decimal

form (subtracted form unity), then multiplied together and divided into

unity, the mission enlargement factor may be calculated. This new con-

stant, when multiplied by array weight and area, will yield the flat-plate

thermoelectric generator required for a Mars mission. It follows that,

with the built-in array enlargement to provide design power at end of

mission, there will be an excess of power generated at any time, t, earlier

than end of mission. During the Earth-to-Mars flight, excess power may

be reduced by introducing a tilt in the designed declination angle. Then,

as the panel is gradually brought to the perpendicular at Mars orbit, a

constant wattage is delivered. This same procedure may be followed

should flight conditions result in a less-than-expected degradation of

power with time. Alternatively, a variable resistive load can be used to

dissipate other than design power. It must be remembered that any panel

declination which causes a change in collector temperature will initiate a

totally different and not necessarily desirable change in thermoelectric

efficiency and/or longevity of the generator.
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C. SOLAR THERMIONIC SOURCES

Solar thermionic energy conversion systems have been under study

and development for almost a decade, with the achievement of an efficient,

radiation-resistant, high density source as the goal. Although this method

of energy conversion is not competitive with the photovoltaic process at

the present time, it remains a promising approach. Life tests on solar

thermionic converters are now extending into the thousands of hours. It

is expected that their feasibility for long duration missions will be demon-

strated soon.

Many features required for a solar thermionic energy conversion

system have yet to be developed. These include such items as deployment

mechanisms for multi-collector systems, orientation controls, and

solar heat flux or cavity temperature controls. The converters them-

selves have not been produced with the efficiencies predicted in the labora-

tory. The concentrators or mirrors required have not been made with

specific weights low enough to keep system weights competitive with other

sources. Because of this incomplete state of development, any study

attempting to provide system design data must be based on numerous

arbitrary assumption s . The assumptions made during this study are

summarized later in this report.

At the beginning of this study, the following goals were established:

l) Collect state-of-t_he-art information concerning the

system and its elements.

2) Devise a logical method for using state-of-the-art

information to perform preliminary design of solar

thermionic energy conversion systems for various
missions.

3) Demonstrate the use of the data and design methods

developed with typical mission requirements.

4) Point out areas where problems exist or where more

data is required.

Included in this report are a summary of the state-of-the-art

information obtained, a description of the solar therrnionic conversion

technique, a summary of the assumptions made to facilitate the design

study, a detailed description of the design computation process developed,
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a. TRW/EMD Program

Applied research work on cesium thermionic converters and cavity-

type solar generators is being performed at the Electromechanical Division

of Thompson Rarno Wooldridge Inc. under USAF sponsorship. The current

program has three phases:

Phase I,

Phase II,

Phase Ill,

Continued solar testing of the

cubical cavity generator (CCG)

Sustained performance testing
of advanced converters

Advanced generator design

Phase I has been completed with solar tests of the CCG at the JPL

test site at Table Mountain, California. Under Phase II, the Series 2B

converter design has been modified and the new design designated as

Series 300. These modified converters are intended to operate for

i000 hours on both a continuous and cyclic basis. The Series 2B con-

verters had all failed in less than 600 hours because of cracks that devel-

oped in the nickel tubulation connecting the collector to the cesium

reservoir.

The performance characteristics of two typical converters tested

are shown in Figure 3-14. The solid curves are for a Series 2B life test

unit and the broken curves are for a Series 300 prototype unit. These

converters were manufactured by Thermo Electron Engineering Corpora-

tion under subcontract to TRW]EMD. The data was taken from Refer-

ences 3-23 and 3-25. At the design point emitter temperature of 2000°K,

the maximum power output of Converter 301 was 28 watts at 0.5 volts,

or 9. 1 watts/cm 2, No data on efficiencies is available for these con-

verter tests. Figure 3-15, however, shows a curve of the maximum

efficiency obtainable with state-of-the-art converters of this type, as a

function of emitter temperature as given in Reference 3-25.

The latest solar tests of the CCG were conducted at Table Mountain

in 1963. Solar flux levels between 80 and 100 watts]ft 2 were available at

the time of the test. The generator was mounted within a vacuum chamber

and heated by a 5-foot diameter parabolic concentrator. Three types of

tests were performed: (1) optimization runs at various flux levels,

(2) misorientation tests, and (3) cyclic and transient response tests.
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The data obtained during the optimization runs were for steady-state

operation with constant solar power inputs. As in other programs, the

flux distribution within the cavity was not uniform with the converter

opposite the'aperture contributing little or no output. The five-converter

configuration may not be workable and may have to be modified for future

de signs.

The variation in maximum generator output with incident solar flux

is shown in Figure 3-16, At the highest flux level of 97 watts/ft Z, the

maximum power of 35 watts was obtained at 2 volts. Emitter temperature

was estimated to be between 1800 and 1850°K at this condition.

The results of the misorientation tests showed that orientation errors

of 5 to 7 minutes led to a degradation in generator output of approximately

10 percent and errors of 15 minutes led to a degradation of over 50 percent.

These results are for a particular aperture size in earth sunlight and gen-

eral conclusions cannot be drawn from them except to indicate the precision

of the orientation required for high temperature solar thermionic systems.

Thermal response tests performed indicated that without auxiliary

cesium reservoir heating or other means of temperature control warm-up

times of Z5 minutes are required to reach 90 percent of steady state power

output. TRW/EMD claims this period can be reduced to 2. to 3 minutes if

cesium reservoir temperatures are maintained by electrical heating.

This i_nprovement has not been demonstrated yet.

The average performance characteristics of converters of the CCG

type are shown as a function of emitter temperature in Figures 3-17 and

18. ]hese curves are based on the data of Reference 3-25 and represent

the average converter performance deduced from generator tests. Fig-

ure 3-19 shows the performance of a five-converter generator as a function

of emitter temperature, with the converters connected in series to a total

output voltage of 3 volts. The maximum generator efficiency of 7.5 per-

ce,_t represents the current state-of-the-art in multiconverter solar

the r,nionic generators.

TRW/EMD has developed concentrators along with this program.

Orientation controls have been developed to some degree and concepts for

electrical and thermal control, structures, and deployment mechanisms

have been formulated.
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One-piece parabolic concentrators up to 5 feet in diameter with a

60-degree rim angle have been fabricated with an electroformed nickel

process (Reference 3-32). These concentrators have been used for solar

testing. Surface reflectivities of up to 0.90 have been achieved and overall

concentrator efficiencies (gross heat available to cavity) from 84 percent

to 95 percent have been measured. The electroformed nickel concentrators

of this size have a specific weight of approximately 1.0 lb/ft 2, including

a torus rim for stiffening. TRW/EMD also has done some work on simi-

lar concentrators constructed of stretch-formed aluminum which promise

a specific weight of approximately 0.5 lb/ft z in similar sizes.

rRW/EMD has done some work on a bimetallic, heliotropic mount

for the concentrator which can be used for fine positioning (less than

5-degrees)(Reference 3-19). The pointing accuracy of the device was

tested sufficiently to demonstrate its feasibility for thermionic systems,

but the device has not been demonstrated as part of a working system.

An orientation system designed for ground testing has been built with

pointing accuracy between 2 and 6 minutes of arc.

Thermal control as proposed by TRW/EMD would not include thermal

steerage and would allow thermal cycling of the converters (Reference 3-2.0

and 3-23). Electrical heating is proposed to maintain cesium reservoir

temperatures at operating levels so that warm-up time is minimized

(2 to 3 minutes). A parasitic load is proposed for electrical control of the

source. The load would be used to limit generator voltage to values that

would not allow emitter temperatures to go above design levels. An input

or solar flux control that works like an iris between the concentrator and

tile absorber has been considered by TRW/EMD in Reference 3-36,

TRW/EMD has performed a preliminary design, as described in

Reference 3-Z0o This design is for a 1500-watt solar thermionic power

system using 18 five-foot diameter concentrators. Some consideration

was given to structures and deployment mechanisms. Similar concepts

are also given in Reference 3-37. The concentrator-generator units are

stacked in clusters and deployed in rows supported by expandable arms,

with the rows of units supported by a tower-like structure attached to the

spacecraft.
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b. GE/MSD Program

The General Electric Company Missile and Space Division performed

work on solar thermionic systems during the original Solar Thermionic

Electric Power System (STEPS) Program, which was based on a vacuum

diode converter. The performance of these converters was so poor that

they were abandoned and the program redirected to cesium vapor type con-

verters. The average conversion efficiency of a generator equipped with

vacuum converters was found to be around 2.5 percent.

The Gavity Vapor Generator (CVG) Program was initiated to demon-

strate the feasibility of operating three vapor type converters connected

in series, with solar heating. The objectives for the converters were:

14 percent converter efficiency in the emitter temperature range from

1400 to 1850°K. The results of solar testing of the CVG system are

reported in References 3-19 and 3-22, giving data obtained in December

1962. Reference 3-22 also presents the plans for the STEPS III system

and the expected performance with improved vapor converters.

The CVG consists of three cesium vapor converters with planar

geometry and molybdenum electrodes positioned radially around the cavity

axis. Tantalum cathode shoes are welded to the emitters. Each emitter

2
has an area of 3 cm . The interelectrode spacing is in the vicinity of

9 mils (Reference 3-22).

At the design point (emitter temperatures of 1380°C or 1653°K,

performance tests on a typical engineering model converter, No. 45,

showed a maximum power output of 6. 2 watts at 27 amps and 0. 23 volts

(Reference 3-23). An efficiency of 6.5 percent is quoted in Reference 3-28

for this temperature.

The performance of the three-converter CVG with solar heat input

is shown in Figure 3-20 for two levels of emitter temperature, 1673°K

and 1773°K. These are steady-state operation data obtained with optimized

cesium reservoir temperatures. The generator efficiencies (ratio of elec-

trical power to thermal power entering the cavity) quoted in Reference 3-19

for these two temperatures are 1.68 percent and 1.44 percent, respectively.

The highest output reported (as of December 1962) is 25.5 watts at 1. 55
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volts and 190001< . average emitter temperature. A 5-foot diameter

concentrator was used for these tests. The solar flux intensity at the

Phoenix, Arizona, test site varied between 80 and 90 watts per square foot.

The improved converters for the STEPS III system are expected to

result in higher power output and conversion efficiency compared to the

CVG converters. The spacing between electrodes will be reduced to

between 2 and 5 mils. Converter efficiency is expected to approach

9 percent at 1850°K emitter temperature, with an output of about 50 watts

from a three-converter generator.

The original STEPS Program resulted in the development of a large

segmented collector which was designed to develop temperatures in the

1000°K range for vacuum converters. For the CVG program, a 5-foot

diameter searchlight mirror with a 60-degree rim angle was coated with

a high reflectivity coating (Reference 3-21). A reflectivity approaching

0.92 was measured. Surface accuracy was found to be within 0.125 degrees

for 90 percent of the minor surface, which was good enough to obtain the

desired temperatures. A great deal of solar testing was performed with

this collector. The resulting data provides the most complete source of

information published on concentrator absorber efficiencies and the effects

of misorientation, etc.

During the STEPS Program, a sun-pointing system

control was developed for solar testing (Reference 3-35).

demonstrated accuracy sufficient for this type of device,

able error maintained for significant periods. The equipment was not made

up of flight type hardware but the sensors and scheme of operation could be

used in flight. A louver-type arrangement outside the concentrator

(Reference 3-22) was used to control solar flux input to the cavity. No

description of flight type flux or temperature controls is available. No

work has been reported on flight type supporting structure, deployment

mechanisms, and other accessories associated with a system of this type.

An attempt was made t_ develop thermal storage techniques but it was

unsuccessful (Reference 3-22).

of orientation

The equipment

with zero measure-
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c. JPL/EOS Program

The Solar Energy Thermionic Conversion Program {SET) was

undertaken by the Caltech Jet Propulsion Laboratory for the National

Aeronautics and Space Administration, with Electro-Optical Systems I_nc. as

the prime contractor for JPL. The program included tests and work on

flight type hardware.

Converters of the planar electrode configuration were fabricated by

several manufacturers to meet the specific requirements of the SET Pro-

gram. The SET IB configuration incorporates a 5-foot diameter solar

concentrator and a five-converter generator mounted at the focus. SET II,

an advanced configuration, will use a 9.5-foot diameter mirror and will

be designed to provide approximately 500 watts output in the vicinity of

Mars. The data described was supplied by JPL in Reference 3-30. The

data was obtained under steady-state conditions with electrical heating.

Most of the data is for the design point emitter temperature of 1973°K,

with the cesium pressure optimized at each operating point.

The performance characteristics of several converters of Type A

(TEECO) are shown in Figure 3-21. Most of these converters used tantalum

electrodes with a Z-rail spacing. The observed efficiency was 8.5 to 9

percent at a corrected emitter temperature of 1973°K. Variations in the

interelectrode spacing are believed to be the cause for the spread in power

outputs, which range from 3 to 8 watts/cm Z at 1.0 volt and 11 to 18 watts/

2
cm at 0.6 volts.

The performance of converters of Type B (EOS} is shown in Figure

3-ZZ, also at a corrected emitter temperature of 1973°K. Tantalum

emitters and molybdenum collectors were used. Positive spacing was

employed in the design of some of these converters. Short circuit failures

occured in two converters with positive spacing. The best converter with-
2

out positive spacing showed a power output of about 9 watts]cm and an

efficiency of 7.4 percent. Maximum power occured between 0.5 and 0.7

volts. Tests with a three-converter generator resulted in 50 watts output

at 1.8 volts, with a 4.5 percent efficiency.

Initial failures with converters of Type D (RCA} were corrected by

improved fabrication techniques, and later units exhibited the performance
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shown in Figure 3-23 at an observed emitter temperature of 1677°C. The

emitter and collector were tantalum and molybdenum, respectively.

Maximum power (approximately 11 watts/cm 2) occurred between 0.4 and

0.6 volts.

Thermionic generator JG-2 consists of five converters mounted in

a cubical support, with the five emitter faces forming the cavity walls.

The rear converter never reached the proper emitter temperature during

generator tests. The generator tests were performed at constant power

inputs from 800 to 1100 watts (electric heating). A maximum power of

82.4 watts was obtained at an efficiency of 7.5 percent. During solar tests

on generator JG-I, an efficiency of 3.8 percent was obtained with 1080

watts input.

No statistically significant mean-time-to-failure data are available

for the SET type converters tested by JPL. A life test underway on five

converters indicates that a converter life of 2000 hours or more can be

obtained. Failures have been caused by cesium attack on the thin emitter

support sleeve, by poor metal-to-ceramic seals, and by corrosion of

electrodes due to impurities trapped in the system during processing.

EOS fabricated several 5.5-foot diameter concentrators having a

62-degree rim angle (Reference 3-34). The mirrors were constructed

using an electroformed nickel process. The specular reflectivitywas

measured to be between 0.87 and 0.90. The concentrator efficiency

approached 100 percent for a 0.5-inch diameter aperture. The specific

weight of the concentrator, including the torus rim, is approximately

1.0 lb/ft 2 for a mirror of this size. The 9. f-foot diameter mirror for the

SET II Program is being fabricated by General Electric Company using

electroformed nickel. GE has also developed a process for fabricating

the masters required to produce these mirrors. Some progress has also

been reported on aluminum concentrators having a specific weight of

approximately 0.5 lb/ft 2.

EOS has proposed the use of bimetallic devices for solar flux control,

emitter and collector temperature control, and cesium temperature con-

trol (Reference 3-33). The input solar fluxwould be controlled by a

segmented flap driven by bimetallic elements so as to intercept part of the

3 -72



I,'

10

I}

7

0

6 R-R4

0 0.2 0.4 0.6 0.8 1.0

OUTPUT VOLTAGE, VOLTS

I

1.2

Figure 3-23. Type D Set Converter Performance Steady State Data
• • Ofor an Observed Enaltter Temperature of 1677 C and

Optimized Cesium Temperature (Reference 3-30)



solar flux concentrated on the aperture. The concept has not been

reduced to hardware. No effort is reported on orientation or electrical

controls for flight use.

EOS has fabricated a telescoping, retractable three-arm arrange-

ment (Reference 3-34)for supporting the generator on the concentrator.

The generator is stowed in the concave portion of the mirror and is

restrained in that position by a support arm which protrudes through the

center area of the concentrator. This area is normally shadowed by the

generator and is not utilized. Methods for incorporating mounting brackets

in the torus ring have been developed. No work is reported on structures

and deployment schemes for multi-unit power systems.

d. Summary of State of Development

The characteristics and status of the converters and generators,

concentrators, controls, structures, and mechanisms discussed above

are summarized in Tables 3-5 through 3-8.

e. Conclusions

The following conclusions may be drawn regarding the current state-

of-the-art in solar thermionic converters:

1) All converters under development for solar heating

are of the cesium vapor type, with planar electrode
geometry.

Z
2) Converters with 2 to 3 cm emitter area are capable

of producing output power varying from 5 watts at
1650°K to 36 watts at 1973°K emitter temperature,

with conversion efficiencies between 6 percent and
9 percent.

3) Statistically significant mean-time-to-failure data "is

not available, although some converters have survived

life tests of approximately 2000 hours.

The following conclusions can be made regarding multi-converter

solar thermionic generators:

1) Generators consisting of three to five converters arranged
around a common cavity have been built and tested.

2) A major design problem with cavity generators appears
to be the unequal heating of the individual emitters. The

bottom converter in a cubical cavity design is particularly
sensitive in this regard.
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The following conclusions can be made regarding solar concentrators

of the type required for solar thermionic energy conversion:

l) Only one-piece, parabolic mirrors with rim angles of

60 to 62 degrees are being used as solar concentrators
for solar therrnionic energy conversion systems

employing cesium vapor type converters.

z) At this time, only electroformed nickel concentrators
with specific weights of approximately I. 0 lb/ft 2 for

5-foot diameter mirrors are developed to the point

where they can be used for solar thermionic energy
conversion.

Aluminum concentrators fabricated with stretch-forming

techniques or electroforming techniques are nromising

and offer specific weights on the order of 0.5 Ib/ft 2 for

5-foot diameter mirrors. Aluminum has another

advantage over nickel in that it is nonmagnetic.

The following conclusions can be made regarding electrical, altitude,

and thermal controls; structures; and deployment mechanisms for solar

thermionic power systems:

I)

2)

Orientation control concepts have not been completely

developed for solar concentrators, but ground tests

have demonstrated feasibility.

Thermal control techniques have not been developed

to the hardware stage, but a number of concepts have
been formulated.

3)

4)

Thermal energy storage has not been developed to the

point where it can used for solar thermionic conversion

systems.

Electrical controls on the solar thermionic source Will

probably consist of a parasitic load regulated to limit
maximum converter voltage.

5) Very little work has been done on the structures and

deployment mechanisms required for a multi-generator

thermionic energy conversion system.

Z. Systems Application

A general block diagram for a solar thermionic energy conversion

system or power supply is shown in Figure g-3. This diagram includes

elements common to all such systems. The specific arrangement or nature

of the elements may change from system to system depending on the

mission and other constraints.
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The thermionic power source consists of the concentrator-generator

unit required to produce the energy consumed by the electrical loads,

including that required to recharge the secondary batteries and that required
4

to control and regulate the source. The thermionic converters are usually

connected in series in each cavity or generator, which may contain one to

five converters. Depending on the number of generators required to supply

loads and the choice of source voltage, the generators may be connected

in any desired series-parallel arrangement. At maximum efficiency, the

output of the generator consisting of five series-connected converters will

generally be 'between 3 and 4 volts. Trade-offs are required for specific

mission requirements to determine the best choice of source voltage and

the resulting series-parallel generator arrangement.

The entire source is provided with a shunt element for control pur-

poses. This control will probably be a parasitic load designed to dissipate

the energy not required by the loads. The parasitic load will be controlled

so that source voltage is limited to values that would prevent overheating

of the converter emitter. A brief study of the characteristics of the con-

verters, as given in Appendix D, indicates that precise control of source

voltage is not required (within 10 percent) to prevent overheating.

Secondary batteries are charged directly from the load bus. Since

the source voltage level will probably be below that required for the load

bus, a boost regulator is included to raise the source voltage to an

acceptable load bus and battery level. Separate computations for the

shunt control element and the boost regulator are covered in another

section of this report. The equipment from the source up to the load bus

is defined as the power supply.

The special orient.ation controls and thermal controls which are

required for proper system performance are considered as a part of the

source itself, along with the concentrator and cavity generator.

3. Assumptions for Design Study

To develop a system design procedure and obtain useful data requires

a number of assumptions at the outset, so that gaps in the state-of-the-art
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can be overcome and so the scope of the design can be kept within workable

limits. Assumptions made to facilitate the design procedure described

in this report _re as follows:

l) The concentrators used for the study will be one-piece, _

parabolic reflectors with a 60-degree rim angle. The

concentrators may be made from nickel or, for future

programs, aluminum.

z) Each cavity generator is assumed to consist of five

series-connected converters. The temperature
distribution is assumed to be uniform if the orientation

error is within limits.

3) No thermal storage material as such i.s used to

minimize or prevent thermal cycling of any portion

of the converter or generator. It is assumed that

all elements of the system are able to withstand thermal

cycling.

4) Orientation controls will be divided into coarse and

fine controls. The coarse controls will be those

normally associated with the spacecraft and will not
be considered an added burden. Fine controls will

be considered as a part of the source and, for want

of alternative means, the TRW/EMD heliotropic
mount will be used.

5) Cesium reservoir temperatures will be maintained by

electric heating to minimize warm-up period and

maximum efficiency. It is assumed I watt is required
for each converter. It is also assumed that it takes 10

minutes for a cold generator to produce 90 percent of

its capability after solar flux has been obtained.
Therefore, this period of 10 minutes must be sub-

tracted from the daylight period available when comput-

ing the power requirements for the source.

6) The conversion system will be designed for the worst case,

which will be assumed to be the furthest point from the

sun at which the system must operate, It is assumed

that the design is optimized for this condition so that

concentrator-generator efficiency is maximized at the

particular emitter temperature and orientation error
limits chosen.

7) The absorber-cavity or generator will be assumed to

operate with a constant power flux input at steady state
except for variations resulting from a variable pointing

accuracy or degraded specular reflectivity of the mirror.

In other words, the solar flux will be maintained constant

by an iris or louver arrangement which controls the flux
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into the aperture in response to the variable solar

intensity. Assuming a simple fourth power relation-

ship_ between input flux and emitter temperature, a
± o . . o .50 K temperature variation at 2000 K would require

a ±10 percent input flux variation. It seems reason-

able, therefore, not to attempt to regulate input flux

as a function of emitter temperature. The brief

electro-thermal study performed in Appendix D

strengthens this conclusion and indicates that the flux

can vary over even wider limits with the same

temperature limits.

s) Since one-piece rigid concentrators are used, it is
assumed, that clusters of concentrator-generator

units will be used where power requirements dictate.
The maximum diameter of the concentrator and the

resulting area per concentrator will be limited by the

stowage area and volume limitation associated with
the launch vehicle.

9) It is assumed that all generators contain five series-

connected converters that will be operated at a voltage

between 0.6 and 0.8 volts with a resulting generator

voltage between 3 and 4 volts. Collector temperature

and cesium temperature will be assumed optimized for

the chosen emitter temperz_ture and for operation

within these voltage limits.

4. Development of Desi_n..C'omputation Process

Because the type of information required to produce parametric data

for design of solar thermionic energy conversion systems does not exist,

a generally applicable design procedure cannot be formulated. In the

present study, therefore, the problem was attacked in as simple a manner

as possible. Only the very critical factors, such as emitter temperature,

orientation errors, allowable individual concentrator area, and so on,

were 'considered. This simplified approach, together with the simplifying

assumptions discussed previously, cannot yield a design that fits any

specific design problem, but it can demonstrate what is required of a

design procedure for this type of equipment and may prove useful as a

starting point for a more complicated, general approach as more informa-

tion becomes available.

The design approach chosen is to evaluate the efficiency of the various

major elements of the thermionic conversion system as a function of

environment and life, operating temperature, and sun pointing accuracy.
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The watts converted per square foot of concentrator projected active area

are used to determine the total area required for a particular power out-

put. Concentrator size limitations are used to determine the minimum

number of concentrator-generator units required. System weight and

volume computations are based on the area and number of concentrators

and the generator power rating. The computation flow diagram developed

is shown in Figure 3-24. In setting up the computation, the following

characteristic functions are required. They are described in order,

according to the letters indicated in the blocks in Figure 3-24. Terms

are defined in the List of Terms.

• Function A: Mirror surface reflectivity (R) as a function
of time (t_ during the mission.

Function B: The ratio of average converter efficiency (v)d)

to maximum initial converter efficiency (qdo) as a function

of time (t) and emitter temperature (Te). This ratio is
1 at t = 0, and thereafter indicates the degradation in effi-

ciency at the operating voltage and temperature as a function
of time.

Function C: Maximum initial converter efficiency ('qdo)

in per unit as a function of emitter temperature (Te). This

data assumes that the converter design is optimized for

operation at this temperature and that the converters are

operated at the best combination of voltage, cesium tem-
perature, and collector temperature.

Function D: Concentrator-absorber efficiency (_qca) in per

unft as a function of maximum relative orientation error (0e)

and emitter temperature (Te). Relative orientation error
is defined as the ratio of absolute error allowed in pointing

accuracy expressed in minutes, to the solar image half

angle at the distance from the sun for which the conversion

system is being designed. The efficiency figure can be

used for any design point distance from the sun that is
desired w_en pointing error is expressed in relative terms

like this. For example, a system designed for a 6 minute

of arc absolute error near earth {relative error of 6 minutes
of arc/16. 125 = 0. 372) would have the same concentrator-

absorber efficiency at the same temperature as a system

designed for a 3.5 minute of arc error near Mars, provid-

ing the mirror surface accuracy and the diameter of the

aperture have the same relative values for each system.
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Function E: The weight of the absorber-cavity or

generator (Wa) including diodes, collector radiator,
heliotropic mount, and input flux control, as a function

of initial power output per generator (Pci) and emitter
temperature (Te). The support arms for the generator

assembly are not included.

Function F: The weight of the solar concentrator or

mirror (Wc), including the torus support rim and fit-

tings, as a function of concentrator projected active

area (Ac). Supporting structure for generator or mir-
ror is not included.

Function G: The stowage volume of each concentrator-

generator assembly (Vc) as a function of concentrator

area (At). This figure is the product of the total pro-
jected area and the depth of the mirror. It is assumed

the JPL/EOS scheme of stowing the generator in the

concave portion of the mirror is used.

• Function H: The weight of supporting structure, deploy-

ment mechanisms, generator supports, and related

hardware (Ws) as a functiont of the total_weight of con-

centratorgenerator unitsL/NctW • WcI/a J

• Function I: The stowage volume of the supporting

structure and deployment mechanisms, and so on (Vsl,
as a function of the total volume of the concentrator-

generator units (N c x Vc )"

The computation flow shown in Figure 3-24 is described in detail in

the following paragraphs.

a. Inputs

Besides the functional relationships previously described, the follow-

ing specific inputs are required:

11 The average load power requirements (PL), including

battery 'recharge requirements and power required to
control the source, to heat the cesium reservoirs, and

to raise the voltage level to that required for the bus.

The latter power requirements may have to be esti-
mated initially before the number of generator units
is determined.

zl The time during the mission at which minimum insola-

tion (solar intensity) occurs (t).

31 The emitter temperature chosen for the design (Te).
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4) The maximum relative orientation error at the design

point (_e)"

6)

The percent of active concentrator area which is not

shadowed by generator and supporting structure (Bs }.

The solar intensity or insolation that occurs at the

design point, inwatts/ft 2 (Sd).

7) The maximum allowable projected active area of the

concentrators used for a particular design (Acre).

b. Computation Sequence

The computation is performed according to the following sequence:

1) At the design point, functions A, B, C, and D are
used to determine the reflectivity (R), the degradation

in converter efficiency (rld/_]do), the initial converter

efficiency (_do), and the concentrator-absorber efficiency

(rlca).

Z) The product of initial converter efficiency, degradation
in converter efficiency, concentrator absorber efficiency,

shadowing effect, design point solar intensity, and mirror

reflectivity (rldo x _d/Bdo x _ca x vl s x S d x R) is taken to

yield the number of watts per square foot of projected
active area that can be converted to electrical energy.

3) Dividing the average load power requirements by the

product obtained in Step Z) yields the total projected
active area of concentrators required for the source (AT).

4)

6)

The average load power requirements (PL) divided by
the ratio of converter efficiency at the design point to

initial converter efficiency (Vld/Tldo) yields the initial

source power capability (Psi).

The total concentrator area required (A T ) as obtained in

Step 3)divided by the maximum allowable individual con-

centrator area {Acre) yields a number approximately

equal to the number of concentrator-generator units

required.

The number of concentrator-generator units obtained in

Step5)may not be an integer. When it is not, the nearest

greater integer is determined and this becomes the actual
number of concentrator-generator units (Nc) which can be
used. This is the minimum number required. If this

number is not satisfactory for some reason, it can be

increased to a greater integer. For instance, if the
number obtained cannot be divided by another number to

yield an integer, only one series connection of generators
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7)

8)

9)

lo)

ll)

1Z)

can be made, with no parallel strings of generators,

unless all generators are paralleled. This may be

unsatisfactory from a reliabiiity standpoint or from

a source volLage standpoint. In this case, another

greater integer can be chosen for N c so that parallel

strings, each with more than one generator in series,
can. be obtained.

The total concentrator area (A T) divided by the number

of concentrator-generator units (N c) yields the actual

projected active area per concentrator (Ac).

The total initial source capability (Psi) divided by the
number of concentrator-generator units (Nc) yields

the initial power capability of each generator (Pci).

Function E with inputs of emitter temperature (Te) and

initial unit power rating (Pci) yield the weight of each

absorber or _enerator unit (Wa).

F'unctions F and G \vitb. the input of concentrator area

(Ac) yield the concentr,_tor weight (Wc) and stowage

volume (Vc), respectivel'>'.

The product of the sum of the absorber weight and
concentrator weight (W a ÷ We) with the number of

concentrator-generator units (N c) yields the total

concentrator-generator weight minus supporting

structures, etc.

The product of the stowage volun_e of a concentrator-

generator unit (V c) and the number of units (N c) yields
the total concentrator stowage volume minus that re-

quired for supporting structures, etc.

13) Function H with the input of the total concentrator-

generator weight obtained in Step 11 yields the weight

of supporting structure and deployment apparatus,
etc.. (W).

s

14) Function i with the input of the total stowage volume
of the concentrator-generator units obtained in Step 12)

yields the total stowage volume of supporting structures

and deployment apparatus, etc., (Vs).

15)

16)

The sum of the weights obtained in Steps 1 1) and 13)

yields the total source weight (WT).

The sum of the stowa,ae volumes 6btained in Steps 1Z)

and 14) yield the total source stowage volume (VT)."



c. Outputs

Fhe outputs of the computation process described are as follows:

1) Number of ,__oncentrator-generator units required (Nc).

Z) Projected active area for each concentrator (A).
C

3) Initial power capability of each genera:or unit (Pci).

4) Total source weight (WT).

5) Total source stowage volume (VT).

&

A sample calculation is performed in Appendix B3 to illustrate the

use of the process just described. Parametric data for the functions re-

quired is given in Appendix A3. The generation of these functions is

described in the following section. This computation process can be used

as desired to generate design tradeoff information using combinations

of inputs as independent variables, l_-or instance, source weight and

volume can be determined as a function of emitter temperature with the

other inputs held constant.

5. Parametric Data Generation

The parametric data required for Functions A through I must be ob-

tained from data made available irom the three major programs previously

described in the state of development discussion. In many cases, the data

required for each iunction is not available from all three sources and the

data that is available is not complete. Therefore, the data and the results

of a computation based on this data can be considered only as a first-order

approximation. Any one of the functions described will have to be revised

for _individual cases. Sources of the data are listed in the Reference List,

and the applicable reference numbers are given in the folIowing discussion

of functions and in the summary tables in the state-of-the-art discussion.

The function curves themselves are shown in Appendix A3.

a. Function A

Initial reflectivities have been measured in each of the major pro-

grams and are given in Table 3-8. Since no data is available on degradation

of reflectivity, an arbitrary allowance of 10 percent is used. This allowance

is consistent with the allowable change in design temperature (50°K) as input

solar flux changes and is a figure that must be met to obtain a useful

concentrator.
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b. Function B

No data is available which gives the degradation of converter

efficiency versus emitter temperature and time. Life tests on a few con-

verters have exceeded several thousand hours but have not been uniformly

controlled, so that few conclusions can be drawn. Since no data is avail-

able, an arbitrary allowance of l0 percent degradation in efficiency is

assumed for a converter operating at 1700°K. This degradation is assumed

to occur in the first few hours of operation, after which no further degrada-

tion occurs until complete failure. Since increased temperature is assumed

to result in increased degradation, another arbitrary assumption is made

that the degradation increases by l percent for each 100°K above 1700°K.

c. Function C

Maximum converter efficiency as a function of emitter temperature

is a function of many factors including the type of converter configuration,

the spacing, and so on. Therefore, it is hard to generalize in this area.

The best data available for the purposes of performing this computation is

obtained from TRW/EMD in Reference 5-25. This data is given in

Kig_ire A3-3.

d. Function D

Data applicable to this function is available from each major program.

For this report, data published by GE/MSD in Reference 3-Z9 was chosen

to generate the basic relationship since the data is the most complete.

The GE/MSD data gives only the concentrator-absorber efficiency, i.e.,

the ratio of the energy absorbed by the cavity to that which is available in

the focal plane of the concentrator. Not all of the energy absorbed by the

cavity is available to the thermionic converters. There are losses due to

the radiation and conduction associated with the cavity support block and

insulators, etc. An estimate of this effect is obtained from TRW/EMD in

Reference 3-36, which indicates only 75 percent of the heat retained by

the cavity is available to the converters. Therefore, the GE/MSD data

converted to relative angular error is multiplied by 0.75 to obtain Func-

tiot_ D. This data is more conservative than that presented from the other

data programs which indicate that up to 90 percent'of the absorbed energy

is available to the converters.

_-90

I



e. Function I_;

%he weight of the absorber-cavity or generator unit is a function of

the design temperatures, the accessories required, and the power output

required. The weight must include converters, insulators, cavity struc-

ture, terminals, radiators, and any temperature or flux controls. The

design approach used in the three major programs are not really com-

patible, but enough data does exist from TRW/EMD and JPL/EOS to gene-

rate several points of the desired function. The TRW/EMD calculation

given in Reference 3-20 is for a generator unit rated at 172 watts at

Z000°ll, and weighing 6.06 pounds, including all details except a flux

control. The JPL/EOS unit described in Reference 3-34 weighs 3. 36

pounds when rated at 135 watts at 2000°K. This figure does not include

fl_ux or temperature controls. The TRW/EMD figure was chosen because

it is _rLore conservative. The weight of a suitable flux control and helio-

trc,pic mount must be estimated, since no figures are _tvailable. A 3-pound

allowance is arbitrarily assigned to this equipment and it is assumed to be

proportional to the weight of the remainder of the generator. At 172 watts,

2000°K, therefore, the unit weighs 9 potmds.

The function curves are generated from this one point. A family of

constant temperature curves are required. Since maximum power density

(watts/cm 2) is a function of temperature, emitter area must be varied to

keep power level at a constant temperature. At constant temperature there-

fore, linear dimensions for the device must change as the square root of

the power and volume and weight (if density is constant) will change as the

3/Zpower of the power rating. Each constant temperature curve is then a

3/2power curve. 3"0 obtain curves at different temperatures, the data point

at g000°Kand 172watts is shifted up or down proportional to the change in

efticiency with emitter temperature as given in Function C. The sample

calcul_ttion in Appendix B3 should be checked to clarify this point.

f. Function l_"

Weight information is available from TRW/EMD and aPLIEOS on

electroformed nickel mirrors. The data from JPL/EOS gives the we.ight

of a c_ncentrator having an active area of 20. 5 feet 2 as 19.7 pounds,

including the torus with built-in brackets. Examination of the equations

3-9!

Q



for the material volume of a concentrator of this sort, including the torus,

indicates that if the relative geometry is maintained constant, the weight

of the ,oncentrator will vary as the I-1/6 power of the active area. Infor-

mation on aluminum mirrors indicates that specific weights of one-half

that of nickel can be obtained in future programs.

g. Function G

The stowage volume of each concentrator-generator unit is the pro-

duct of the overall projected area and the depth of the concentrator. The

stowage volume is found to vary as the 1-1/2 power of the projected active

area. Using the concentrator dimensions obtained for 5-foot diameter

concentrators, the curve relating stowage volume to active projected area

can be generated as shown in Figure A3-7.

h. F ur_ction [t

This relationship is based on weight information from JPL/EOS

{Reference 3-34) for the three generator support arms, which extend

between the concentrator rim and the generator, and on information from

TRW/EMD concerning the weights for supporting structure and deployment

mechanisms {Reference 3-20). It is arbitrarily assumed that the weight

of this equipment varies directly with the total weight of the concentrators

and generators. The equation obtained describing the relationship between

structure and total concentrator-generator weight is

W = N (W ÷ W ) x 0.51 ÷ 7
S C _ C

i. Function I

The only information available relating concentrator stowage volume

to structure and deployment mechanism volume is from TRW/EMD in

Reierence 3-20. The relationship is assumed to be a direct proportionality

and the equation is V ± 0. 5 x N x V ft 3.
S C C

6. Problem Areas

The problem areas associated with solar thermionic energy con-

w_rsion systems for space application fall into two categories. One cate-

gory consists of those areas where insufficient design effort has been

expended and where the hardware required to perform necessary functions

has nut been fabricated or tested, The other category consists of those
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a_eas where hardware feasibility has been demonstrated but where data

._uf,.i_.i_ntfor _ystem design and analysis has not been generated. In both

of these catego_+ies, the system aspects are considered as the prime

criteria with which to evaluate the status of various problem areas. _l'h_-

following d_scussion attempts to summarize the problem areas m this field.

It. is assumed for the purpose of this discussion that converter feasibility

ha_ been demonstrated and that no major design problems remain with the

conve.rter itself. This is no doubt an optimistic assumption.

a. Design Problem Areas

The foll_)win_ problem areas exist because insuffici'ent design and

development effort has been spent in developing devices required to com-

plct_ a solar thermionic system.

C a.vit+y_Heat_FiuxCont_r!)l__'orTemperature Controls. At this time,

no ha_dv, a_e has been developed and tested that can be used to provide

thermal control for a cavity generator. This control will be required if

the systen_ is expected to operate ow_r a range of solar intensities or with

degradation in elements of the systeJ_,, such as the reflector. EOS has

proposed (Reference 3-33) an adjustable flap type control between the>

concentrator and the focal point that is controlled by several bimetalic

elements responding to solar inter_sity levels, cavity temperature, and

radiator tcmp,,,rature. A number of problen_s could exist with a contr,A of

th:s type,, including sensor drift and insulation problems. The problems

cannot be evaluated and solved unless hardware is built and tested.

"IRW/EMD has proposed (Reference 3-36) a similar device that

respc,tMs ;,nly to s+_lar intensity variations and uses gas pressure to drive

an iris type device mounted just outside the aperture. Similar problems

w_uld seem to be associated with this device as with the EOS device. N,._,:_c

of thu programs has mechamzed other thermal controls that may be

reciu:red , such as ccsitm_ reservoir heaters, so that they may be used with

flight hardwart +.

(Cavity_ Thermal Deai_. Solar concentrator te, sting on five-converter

,:ub:_al cavity gent:rators has demonstrated that the temperature distrihu-

ti(,n i_ not tmiiornl and that, in fact, the converter forming the rear wall of

the ,avity _,pposite the ape, rture will oft_:n be passive. Generators made up
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of three converters have also been tested, with somewhat more uniform

temperature distributions but with a reduction in power capability. More

design and testing is required to maximize cavity generator efficiency by

obtaining a more uniform temperature distribution.

Orientation Systems. Orientation systems suitable for solar therm-

ionic energy conversion systems have not been developed to the flight stage.

Accuracy sufficient for earth orbit has been demonstrated with ground

type equipment. The concept of using one highly accurate attitude control

system for the entire spacecraft and the concentrators seems to be an

unlikely solution for systems requiring more than one concentrator. It

will probably be necessary to provide each concentrator with a sepa-

rate fine orientation control such as the TRW/EMD heliotropic mount.

At this point, neitI_er approach has been perfected for flight use.

Structures and Deployment Mechanisms. Some hardware, such as

the telescoping generator support arms developed for the JPL/EOS pro-

gram, has been fabricated for support and deployment of solar thermionic

concentrator-generator units. TRW/EMD has made some paper studies

on concepts for multi-unit sources. At this time, however, no evidence

exists that anyone has developed the hardware necessary for stowing,

deploying, and supporting a multi-unit source through the environment

associated with space vehicles. Problem areas such as thermal stress

due to temperature extremes, electrical interconnection, vibration, and

dynamic loading during in-flight maneuvers, must be evaluated and the

hardware feasibility demonstrated by environmental testing.

S_stems Integration. No work has been reported on the many prob-

lems that will no doubt arise in combining the multi-element solar therm-

ionic source (or even the single-element source) with other elements of a

complete spacecraft system. Some of the problem areas that must be

studied are: the effect of the concentrators and structures on the space-

craft temperature distribution; the effect of the converters, concentrators_

and structures on the communication eqt_ipment, including electromagnetic

noise, disturbance of antenna patterns, etc. ; the effect of magnetic mate-

rials and large current loops associated with these sources on the magnetic

moments and fields associated with the spacecraft; and the effect of the
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mass distribution of the source on the dynamic characteristics of the

vehicle, including possible excess fuel requirements for the attitude con-

trol system, etc. Other similar problems r_ust be explored before a

vehicle utilizing solar thermionic energy conversion can be developed.

b. Test Data Problem Areas

In considering a device that has not yet demonstrated sufficient life

or performance to perform the job required of it, it is premature to

point out the lack of sufficient data for system design work. It is reason-

able, however, to comment on data deficiencies from a system design

view, since, in the end, much of the data generated must be tailored to

meet system design requirements. Certainly, data acquisition and reduc-

tion for a device such as a therrnionic converter is a problem, just as it

is for any nonlinear device whose performance is dependent on many vari-

ables. A good example of another device uf this type would be a sealed

secondary battery designed for space vehicle operation. Much of the early

data taken on such batteries was not /aseful to the power system designer

and had to be redone so that spacecraft power system design could be

zmproved. The following comments concern the present data problem

areas and the areas where more information is required if solar thermionic

power system design is to be performed in a competent manner.

Converter and Generator Characleristics. More complete families

of I-V characteristics for thermionic converter and cavity generators are

required. Families of converter characteristics for constant emitter tem-

perature and constant heat input when operated in space environment are

needed. The characteristics should be for converters optimized for opera-

tion at a range of voltages and emitter temperatures. Complete I-V curves,

and not just sections, are needed so that the effects of thermal and elec-

trical perturbations can be explored. With this sort of data, the system

designer can choose'the best design for his purposes and optimize the

design of controls and related systezr, hardware.

Converter-Generator Life Tests. Life tests must be performed that

will allow the system designer to bt. • able to predict the performance char-

acteristics described in the preceding par igraph for converters or gen-

erators after a particular period of time in a space environment for a
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specific mission. The effects of emitter temperature and other variables

on converters optimized for particular conditions must be evaluated. Life

tests must bf, performed under caref_lly controlled conditions that simu-

late flight operation, including thermal cycling. Presently, life test data

corresponding with this requirement has not been obtained. The life test

data published at this point extends only to a few thousand hours for one

or two converters. The data was not taken under carefully controlled

conditions, and the conditions did not simnlate flight conditions. It is

hoped that with improw_d converters, the life testing performed will be

controlled so that true operating feasibility is demonstrated and the effects

of important variables (:an be understood.

System Test Data. Since many of the elements of a solar thermionic

system have not been perfected, no true system tests have been performed.

When equipment is available, however, system operation must be simu-

lated to gain a more complete picture of the performance of such a com-

plex energy conversion device. The behavior of generators as the sun is

focused on them after an eclipse, their behavior upon entering eclipse, etc.,

must be understood. It is recognized that much of the information of this

type will not be general but pertinent to only one program.

Effects of Space Environment on Mirrors. Nothing has been published

that allows the designer to predict what the reflectivity of the concentrator

surface will be after a certain time in the space environment, although the

EROS program is investigating this area. This information is quite

important in evaluating the life and performance of a system.

7. Conclusions

Because of the lack of data and design work in specific areas, the

computational method formulated for preliminary design of solar therm-

ionic energy conversion systems has been over-simplified. The design

information is probably conservative m regard to performance, weight,

and volume. The power outputs computed, however, witl correspond to

the solar test results obtained to date. l'his method of energy conversion

should continue to be treated conservatively in comparison with more

fully developed systems, both because a working system has not yet been

developed and because the solar test data available on converters and
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associated equipment is not as favorable as the predicted values. As

more information becomes available, the program will have to be ex-

panded and revised.

Much has been accomplished in the development of solar energy

conversion and it appears likely that a workable system will be developed,

but probably not in the next year or two. It is more reasonable to expect

that it will be around 1970 before a competitive solar thermionic power

system meeting the requirements of a Mars or Venus orbiting vehicle

will be ready for flight operation.
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D. SOLAR DYNAMIC POWER PLANTS

Solar dynamic power plants may be categorized in one of three

thermodynamic cycles: Rankine, Brayton (or Joule}, and Stifling. Each

of these defines a basic concept by which thermal energy is converted to

mechanical energy to drive a rotating electric generator. In combination

with the energy conversion equipment, the typical solar dynamic power

plant includes a solar collector, an energy storage unit, and power plant

controls. A major portion of the published literature covering these types

of systems has been devoted to comparisons of basic cycles for space

applications. As a result, this material is not repeated here except to

point out salient features of specific designs that appear to offer improve-

ments in power plant weight or reliability.

This study effort has been directed toward the determination of a

method for using parametric data from current hardware development

programs to calculate preliminary power plant design data for any space

application within a power range of l to I0 kw. Specifically, the resultant

design data consists of power plant weight and principal dimensions.

Mission requirements are defined by specified power output, orbital

sunlight-eclipse periods, and maximum operating distance from the sun.

I. State of Development

The NASA-sponsored Sunflower development by TRW appears to

be further advanced than any other solar dynamic power plant. The 3-kw

Sunflower design consists of a petal-type paraboloidal concentrator, a

cavity absorber-heat storage unit using the heat of fusion of lithium

hydride for energy storage, and a mercury-Rankine cycle energy con-

version system operated at super heat and condensing temperatures of

approximately 1250°F and 600°F, r'espectively. Prototypes of the

power plant components have been fabricated and tested, including the

concentrator, absorber-heat storage unit, rotating unit, radiator and

speed control. Detailed description of the system and development

testing is contained in References 3-38, 3-49, 3-50, and 3-51.

A second Rankine cycle development program of significant interest

in the lower power range is the 1.5-kw biphenyl system designed by

Sundstrand. The thermodynamic cycle is illustrated in Figure 3-25.
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A noteworthy characteristic of this working fluid is the shape of the

vapor dome, which causes the turbine exhaust to fall in the superheat

region, thus precluding the partial condensation and accompanying per-

formance penalties during expansion that are typical of mercury systems.

Cooling of the exhaust vapor to the condensing temperature is accom-

plished by regeneration of the condensate before it enters the boiler.

An interesting design feature of this system is the presently planned

use of lithium fluoride rather than lithium hydride for thermal energy

storage in order to eliminate the hydrogen containment problems en-

countered in programs employing lithium hydride. The system appears

to offer a significant weight reduction over an equivalent mercury-

Rankine system. However, prototype hardware fabrication and testing

has not yet been completed.

The Allison Division of General Motors has developed the 3-kw

Stirling reciprocating engine to a relatively advanced stage. System

description and prototype engine-generator test results are contained

in Reference 3-43. This system also offers an apparent weight saving

in comparison to the mercury-Rankine cycle, but at the expense of

increased complexit'y. An advantage of the Stirling vapor cycle, as

with the Brayton vapor cycle, is the elimination of zero-g boiling and

condensing requirements. Associated with the Stirling engine-generator

development effort is a Fresnel concentrator development program by
!

Allison. Due to its flat configuration, this concentrator offers an advan-

tage in minimizing stowed volume. Available data, however, indicates

a reduced concentrator efficiency in comparison to the paraboloidal

configuration. Available data for both the biphenyl and Stirling cycles

are, in general, limited to the specific power level for which the systems

are designed.

There is renewed interest in the Brayton cycle, which was pre-

viously considered less favorable than the Rankine cycle for space appli-

cations because of its nonisothermal radiator and large compressor

power requirement. If presently predicted turbine and compressor

efficiencies can be achieved, however, this type of system appears com-

petitive for solar dynamic system applications because of its inherent

simplicity.
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Because of its relatively advanced development, the Sunflower

mercury-Rankine cycle program has produced the majority of the availa-
ble detailed parametric data for solar dynamic systems in the 1 to 10-kw

range.

Z. Development of Desisn Computation Process

The calculations necessary to define size and weight of a solar

dynamic power supply for a given mission are shown in the computation

flow diagram (Figure 3-Z6). The diagram is based on a mercury-Rankine

cycle turbogenerator system similar to the Sunflower design. The assumed

simplified system configuration is shown in Figure 3-27.

Inputs to the computation for a specific mission are defined by:

1) Spacecraft location (maximum AU}

Z) Orbital conditions (eclipse/sunlight periods}

3) Power requirements (minimax loads}

Outputs of the computation are:

1) Power plant weight

2} Principal power plant dimensions

To accommodate varying load power requirements with a system of

this type, a simple parasitic load control appears most suitable. The

power supply is designed to operate at the maximum load continuously.

Reductions in load are compensated for by adding parasitic load to main-

tain the constant design point electrical output. Although frequency (speed)

variations resulting, from load changes may be sensed to control the dis-

sipative load, improved response is achieved by sensing load current

directly. Analysis of the load power profile is necessary to establish

maximum levels for power supply design. Methods of supplying short

duration peaks without oversizing the complete power system are based

on provision of additional energy storage either in the absorber or as

supplementary electro-chemical power sources.
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Figure 3-Z6. Solar Dynamic Design Computation
Flow Diagram
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Blocks A, B, and C of the flow diagram define the total power

required as the sum of the constant load power (equipment load + dissipa-

tive load) and the sensing/control power required for the dissipative load

control (assumed constant). Parametric control power data (Figure A5-1}

is based on state-of-art solid-state shunt regulation techniques utilizing

silicon-controlled rectifiers in a gating mode.

Block D defines generator input shaft power as a simple function of

generator efficiency. State-of-art three-phase ac brushless machines

achieve full load efficiencies approaching 90 percent. As an example, the

measured efficiency of the Sunflower 40,000 rpm, 2000-cps, generator

is 87 percent.

Block E, shown in the flow diagram and in Figure A5-2, provides

additional shaft power requirements for typical mercury-Rankine systems

as a function of electrical power output. These shaft loads include the

condensate pump power, bearing losses, and shaft seal losses. Turbine

output (Block F) is therefore the sum of the above shaft power requirements.

Condensate subcooling is provided in the pump inlet line to prevent

cavitation (see Figure 3-27). Heat rejection rate as a function of rated

load is given in Block G (See Figure A5-3_. The subcooler also pro-

vides for rejection of the pump, bearing, and seal heat losses by the

circulating bearing lubrication loop. Generator heat losses are returned

to the condensate in the boiler input line. The required heat addition to

the working fluid in the boiler, therefore, may be determined as indi-

cated in Block I. The shaft work is divided by the basic cycle efficiency,

exclusive of fluid subcooling, to determine the principal heat input re-

quirement. To this is added the fluid subcooling heat requirement minus

the generator losses. The basic cycle efficiency is defined as the product

of turbine efficiency (shaft power/available thermal power) and the thermal

efficiency from Block H.

Determination of turbine efficiency requires detailed unit design

computations beyond the scope of this study. Estimated efficiencies for
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Sunflower type units vary from approximately 50 percent at 3 kw to

65 percent at l0 kw electrical output. The factors entering into com-

putation of the thermal efficiency (Tc, Th' and Fc) are determined from

analysis of the selected thermodynamic cycle. Specific state points are

functions of the working fluid, turbine characteristics, energy storage

material, and boiling and condensing pressures. Rankine cycle thermal

efficiencies typically approach 90 percent of the Carnot efficiency corre-

sponding to the same nominal boiling and condensing temperatures.

Assuming operation in an orbital mission, the solar input must, of

course, supply both the boiler heat requirement and the heat input to the

energy storage material for subsequent eclipse operation. This computa-

tion is performed in Block T and requires determination of the overall

collection efficiency (mirror-absorber efficiency).

Assuming a cavity absorber, collection efficiency is a function of

concentrator geometry, accuracy, orientation, and reflectivity as well as

cavity aperture dimensions• Efficiency can be plotted as a function of the

ratio of aperture diameter to theoretical solar image diameter in the

focal plane as shown in Block U and Figure A5-4. Calculated data is

provided, based on the paraboloidal Sunflower concentrator which uses a

50-degree 40-minute rim angle. An equivalent I/Z-degree angular sur-

face deviation is considered within the state of the art for a peta]ine con-

figuration employing aluminum honeycomb sandwich construction. Orienta-

tion accuracies of +I/4 degree are considered achievable with existing

orientation system designs. These angular errors will of course cause

the focal i_xlage to be shifted away from the absorber aperture. The

displacement is proportional to the focal length for a given rim angle and

therefore will be Inore severe for a given angular error at increased

concentrator diameter and focal length corresponding to increased dis-

tance from the Sun. To account for this variation, the angular deviations

are normalized to the angle subtended by the solar disc at the given solar

distance (AU).

Vacuum-evaporated alu_ninum film surfaces can achieve total reflec-

tivities (integrated over solar spectrum) of slightly over 90 percent.

Negligible data is currently available on surface degradation rates in

space; however, severe damage is not anticipated. As a result, a
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90 percent concentrator reflectivity at the end of one year in Earth orbit

appears to be a reasonable estimate.

The fraction of total reflected energy which enters the cavity

increases with increased aperture size; however, the absorber losses due

to reradiation from the aperture also increase. The percentage of energy

absorbed, therefore, reaches a maximum value at an aperture size that

provides an optimum balance between the intercepted energy in the focal

plane and the absorber reradiation losses in sunlight. Both the maximum

collection efficiency and corresponding aperture diameter ratio can be

determined from parametric data presented as shown in Block L. The

aperture diameter can then be calculated as shown in Block M for a specific

mirror geometry. Since the mirror diameter is not yet defined at this

point in the calculation, an estimated value is provided from parametric

data for similar collectors {Blocks J and 14) {Figure A5-5) and an initial

aperture diameter calculated {Block M}. Blocks N and O determine the

heat storage input requirement as a function o£ energy withdrawn by the

boiler and radiation losses during solar eclipse.

For the petaline concentrator configuration, the outside diameter

is a function of required frontal area and concentrator inside diameter.

The former is calculated (Block U} as a simple function of the solar

power input requirement and the available solar power per unit area at

the spacecraft location. The inner diameter is related to absorber diam-

eter by a factor (A) that takes into account the applicable fairing diameter

and the number of petals required for the concentrator. Figure 3-Z8

i11ustrates the effect of varying the outside-to-inside diameter ratio on

the number of petals required. The minimum inside diameter is limited

by the absorber (shadow) diameter. The maximum inside diameter is

limited by the launch configuration. Optimization of these parameters

requires analysis of specific spacecraft configurations; therefore, a

factor (A) of 1.5 is assumed for this study.

The absorber diameter is computed from Blocks P, Q, R, and S as

a function of energy storage unit dimensions. The energy storage material

weight is calculated in Block Q as a function of the energy stored during
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sunlight, the total enthalpy change of the material, and {assuming lithium

hydride} the added material required to compensate for hydrogen diffusion

losses during the mission.

The total enthalpy Change is equal to the sum of the latent heat of

fusion and the sensible heat addition {Block P) that represents the addi-

tional input required to account for the temperature variations of the energy

storage material. For a lZS0°F fusion temperature, the absorber surface

temperature, based on Sunflower test data, can be assumed to cycle from

1250 ° to 1600°F.

If it is then further assumed that this temperature variation

{350 degrees} also represents the change in average temperature of the

storage material, the sensible heat addition can be computed {Block P)_

based on an average specific heat for the material at temperatures near

the fusion temperature. For lithium hydride, this value is approximately

1.9 Btu/lb°F or 0.56 x 10 -3 kwh/lb°F.

Outgassing and diffusion of hydrogen through the container wails at

the elevated tithium hydride storage temperatures can be limited by

proper selection of container materials and coatings. During mission

durations of a year or more, however, the loss becomes significant in

that 8 pounds df lithium hydride must be added to make up each pound loss

of hydrogen.

The surface area required for the energy storage material {Block R}

is determined from the volume of material, the heat transfer rate required

into the boiler, and the corresponding material thickness based on its ther-

mal conductivity. Variations in conductivity of lithium hydride with tem-

perature and phase changes have not been successfully measured in the

temperature ranges of interest. As a result, a value has been assumed

equal to 0.69 x 10-3kw]ft 2 °F_ft for both liquid and solid phases. The

absorber diameter approximation (Block S) is based on a spherical con-

figuration in which the absorbing area covers one-half of the internal

surface.
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Since the first concentrator diameter calculation is based on

absorber and aperture diameters resulting from an estimated concen-

trator diameter (Block J), reiteration is now performed using the output

of Block U to redetermine these parameters. The iterative process is

continued unitl two successive computations yield the same concentrator

diameter (Block V). This final value and its corresponding absorber

diameter are two of the outputs that define the power supply size. In

addition, the concentrator diameter is utilized in Blocks W and X to

compute the focal length and concentrator depth, which constitude addi-

tional dimensional definition of the power supply.

The radiator-condenser and subcooler heat rejection per unit area

are computed (Blocks AA and FF), based on the surface emissivity, re-

jection temperature, _and radiation effectiveness factor *It" The effective-

ness factor takes into account double-sided versus single sided radiation

as well as fin effectiveness criteria. Values of _]r = 0.75 appear reasona-

ble for single-sided radiators based on existing designs. Thermal inputs

from solar illumination or planet albedo are neglected in these simplified

computations. The former input (solar) should usually be negligible

since optimum packaging configurations normally place the radiator sur-

faces parallel to the solar vector. The second consideration (planet

albedo) may constitute a significant rzdiator input dependent on the re-

quired orbital conditions.

]'he total subcooler heat rejection (Block BB) is assumed equal to

the fluid subcooling heat load plus the total shaft power input to the acces-

sories (pump, bearings and seals). The condenser heat rejection compu-

tation (Block CC) is based on balancing the system input (boiler) with the

system outputs (heat radiated and electric power). Condenser and sub-

cooler areas are then defined (Blocks DD and GG) by the required heat

rejection rate and radiation capability per unit area. These two outputs of

the computational flow diagram complete the dimensional criteria neces-

sary to determine the power supply configuration and size.

Estimation of total power supply weight is based on parametric

weight data for each major component and the supporting structure. These

data have been obtained entirely from extrapolations of Sunflower type

system designs.
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ill
The absorber-heat storage unit weight data is divided into a basic

absorber-boiler weight exclusive of energy storage as a function of boiler

input power, and heat storage unit weight as a function of heat storage

material weight. These two values (Blocks KK and LL) are combined in

BlockMM to determine total unit weight. (See Figures A5-6 andAS-7.)

Concentrator weight (Block JJ) is determined from the required

frontal area and typical weight per unit area criteria supplied by the

mirror manufacturer. For paraboloidal concentrators of the size re-

quired for power supplies in the I to I0 kw range, a specific weight of

0.25 ib/ft2 appears attainable.

Weight of the rotating units (turbine, generator and pumps) is

given as a function of electric power output in Block IS (See Figure A5-8).

Similarly, controls weight and fluid inventory weight (mercury) are pro-

vided as functions of rated load in Blocks SO and NN, respectivel 7. The

total component weight (Block Y) is utilized to determine total support

structure weight in Block PP. (See Figure AS-If.) The power supply

weight is then the sum of structure and total component weight, as shown

in Block Z, to complete the computations.

The outputs of the computation reflect a nonredundant power plant

configuration. Severe size and weight penalties would appear to pre-

clude the use of redundant solar collectors. It is most probable, however,

that redundancy of rotating machinery and fluid-filled radiators il essen-

tial to achievement of satisfactory power plant reliability for normal

mission durations (1 year minimum}. The size and weight of the power

plant, therefore, must be modified in proportion to the degree of com-

ponent redundancy employed for & specific application.
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E. POWER SOURCE CONTROL AND CONDITIONING

Such power sources as photovoltaic, solar thermoelectric, sblar

thermionic, and solar dynamic in the power range studied have electrical

output characteristics that require external control and conditioning to as-

sure the required voltage at the battery and power loads. In the case of

photovoltaic and fiat-plate thermoelectric sources, output voltage can be

regulated by partially shunting a portion of the series-connected energy

converter string. The shunt method results in minimum heat dissipation

in the regulator at the time during the mission when the least amount of

power loss can be afforded; the partial-shunt method results in a minimal

value of maximum regulator dissipation. For thermionic and dynamic

power sources, a partial-shunt control would create an undesirable change

in the thermodynamic balance of the converters (see Appendix D}. There-

fore, these devices usually employ a full shunt (or parasitic load) to main-

tain optimized design point operating conditions continuously throughout

the mission. The computation process for determining the size and per-

formance of power source controls, described herein, is applicable to

both partial and full-shunt regulators used on direct energy converters.

Controls for the dynamic power sources are discussed in Section D.

Thermionic power sources in the power output range of 100 to 1000

watts consist of only a few series-connected energy converters. As a re-

sult, their output voltage is lower than required for high efficiency opera-

tion of electronic equipment and other spacecraft power loads. A boost-

regulator, therefore, is inserted between the thermionic converter output

and the system bus to transform the source voltage to a readily usable

value. A computation procedure for a low-voltage input boost-regulator

is presented to obtain preliminary system design information.

1. Power Source Controls

a. Design Approach

Three major functional units constitute the power control. They are:

1} Shunt Voltage Regulator Circuit

2} Load Control Logic Circuit

3} Monitoring Circuits
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Bus voltage is maintained by means of a shunt regulator operating on the

power source. The shunt configuration was selected in preference to

series regulators because of its very high efficiency at the design point

where the greatest demand, relative to capacity, is made on the source.

Redundancy may be used to a great extent in the shunt regulator circuit

design. The basic shunt regulator configuration is being used successfully

on several spacecraft (OGO, Relay). The partial-shunt regulator scheme

was originally developed in 1961 for use in the OGO {Orbiting Geophysical

Observatory) spacecraft. A similar configuration has been breadboarded

and life-tested. Operating modes of the full-shunt and partial-shunt regu-

lating techniques are compared in Figure 3-29. It may be seen that the

maximum dissipation in the partial-shunt regulator is significantly less

than the dissipation in the full-shunt regulator.

A shunt regulator configuration may be used for either the photovol-

taic, flat-plate thermoelectric or the solar thermionic power sources. A

block diagram showing the application of the shunt regulating technique to

these power sources is given in the system block diagram of Section II.

As discussed in Section IIIB, the thermionic diode power source

requires a full-shunt regulator. However, both the thermoelectric and

photovoltaic sources are able to make use of the partial-shunt regulating

scheme.

Operation of the shunt regulator is as follows. The source output

voltage is sensed and compared to a reference voltage. The error voltage

generated is amplified and used to control the current in the dissipative

element (redundant transistors) shunting either the whole source or a por-

tion of the source. This current changes the operating voltage of the

shunted portion of the source, thereby controlling the total source voltage.

The shaded area of Figure 3-29 represents the dissipation in the shunt

element. Maximum shunt element dissipation also depends on the tap

point selected.

The advantage of any shunt regulator operating from a current source

is that it dissipates minimum power when power is not available (e.g., end

of life). The unique advantage of the partial-shunt regulator is that it mini-

mizes regulator heat dissipation when the source is new, while at the same

time maintaining Class A regulation.
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Monitoring of voltages, currents, and temperatures within the elec-

trical power system is performed with a minimum number of sensors.

It is assumed, however, that the number of sensors increases as system

power increases and that the power control equipment contains only the
sense points necessary to determine the state-of-health of the system.

Voltage sensing is accomplished by simple resistive dividers. Current
!

sensing, using dc current transformers, provides maximum accuracy

and minimum power loss. These dc current transformers are used on all

STL designed statellites and have proven their space worthiness on the

Nuclear Test Detection Satellite. Temperature measurements are made

with thermistor elements in strategic locations. Thermistors are ener-

gized from constant-current sources.

Logic circuitry for load control consists of various sensors operating

into solid-state trigger circuits, which in turn control latching relays.

Again, it is assumed that the number of triggercircuitsandrelaysincreases

as the system power level increases.

b. Development of Design Computation Process

3-30.

The power control design colnputation diagram is shown in Figure

The following inputs are required for this computation:

N
s

E
s

Pbl(min)

P'simax)

I s = fJ(Es)

Total number of series energy

converters

Regulated value of source voltage

Minimum bus power required

Maximum available source power.

Functional relation of source current

available to source voltage, for
various extremal conditions denoted

by j.

Source voltage (E s) enters the computation at Block A.

maximum value of the unshunted source

minimum value of bus voltage, Pb(min)'

minimum value of bus current, Ifl(min ).

duces the corresponding value of source

mission events, j. The series of values

the maximum value (at j = k) of E k. E k
s s

This yields the

voltage, Eu(max). Es and the

enter Block B and yield the

Ifl(rnin) enters Block C and pro-

voltage E j for various time-
s

E j enter Block D, which detedts
s

and the source voltage (Es) enter
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Block E and give the ratio n (the fraction of unshunted series energy con-

verters)..Ratio n enters Block F which yields the shunted fraction, m.
Ratio rla and the value for N {from Source Calculation, Section II) enter

S

Block G and produce output Nsh, the number of shunted series energy

converters.

, , and the numberThe number of total series energy converters N s

of shunted series energy converters, Nsh, enter Block H and produce out-

put N u, the number of unshunted series energy converters.

Remaining calculations are given in abbreviated form below:

The sequence, Block I through Block R, accepts inputs of source

minimum bus power t_ij[Pbl{min(] ' minimum bus currentvoltage {ms),

[Ibl{min)] , maximum_ available source power [Ps(max)], ratio m, and

the functional relationship, Is = f J(Es)" The output of Block I through
ij

Block R is Psh' the power dissipated in the shunt element for various

values of Ibll and various time-mission events, j.

P_i___ enters Blocks S and U and the maximum value, Psh(max) is de-

termined as an output.

Psh(max) enters Block T which yields..Pc, the power dissipated in

the monitor and control circuits. Pc and l_i enter Block U and yield

the output Qpc' the power dissipated in the power control unit.

Ish(max ) enters both Block V (see the parametric data in Figure

A4-1, and Block W (see the parametric data in Figure A4-2), which yield

power control unit volume (Vpc) and weight (Wpc) respectively.

c. Computation Assumptions

Block A

Computation:

I 5_ E uEs (max)

The value 1.5 volts dc is an approximation of the total voltage drop

across two series silicon transistors in the saturated mode.

Block T

Computation:

1.511 +0.05 Psh(max)] = Pc
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E:

Fh,< <_xprcssi,_n _ derived from:

C

4P P

t + 1,5 watts
K 2K

P P

4P

K
P

: Tt;c drive power required by the

redundant quatt shunt cicmev.t._

P
sh(max)

Kg.

P

- The power required by redundant drive

amplifier circuits

L_

|

therefore

K T}_c s}it_nt ele_lent oc, wcr gai:_.

1.5 watts _s a typical value for

,nonitor circuit power toss

P
P -- 4.5 sh(naax) + 1.5 and it K = 20

c K p
P

EPc _= 1.5 1 + 0. t5 Psh(max)

• }_%ooSt- [\_uiator

a. Design Approach

A brief study has been conducted on boost regulators that are to be

used in conj motion with a thermionic/battery power source. The purpose

of this study was to determine boost regulator size, weight, and efficiency

as a Junction of load power. A detail design analysis of the thermionic

source would be required to determine source volta g,_. To eliminate this

requirement, a basic thermionic generator of 3 vdc, 100-watt capability

was assumed. Higher power sources are constructed by series-parallel

combinations of this basic modu!e, as given in Table 3-9. A crude cor-

relation between source voltage and source power was also assumed and

is given in Figure A4-3. The values in Table 3-9 and Figure A4-3 are

used solely for the purpose of preliminary sizing of the boost regulator.

The boost regulator is designed to boost a regulated input voltage

to an ouitput voltage limited to the maximum battery charge voltage. Out-

put regulation is proportional to input regulation as provided by a shunt

I'-

7
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Table 3-9. Structure of Thermionic Diode Power Sources

P E
s N N s

(watts) s p (vdc)

I00 I I 3

200 l 2 3

400 Z 2 6

6OO 3 Z 9

800 4 2 12

I000 5 2 15

regulator. The boost regulator contains provisions for controlling its out-

put as a function Of battery charge condition. The following component

selection and design assumptions are made:

i) Transistors. Low voltage, high current, low saturation

resistance germanium transistors. Base plate tempera-
ture is limited to 50°C.; hfe = 40 min; Ic = 20 amps;

Vce(sat ) = 0.1 volt max; switching gain of 10 (used for
a conservative guarantee of saturation and fast commuta-

tion); rise time t r <-- 20 _tsec; base drive voltage of 4 volts
(used as a conservative approach to a constant current
drive).

z)

3)

Rectifiers. Silicon rectifiers with a forward drop of 1.0

volt. (Efficiency could be improved if germanium trans-

istors were used as rectifiers.) ........ ._

f

Transformers. A power transformer efficiency of 90-95 _
percent; output voltage of 30 volts (efficiency will be l to . _

3 percent lower if output voltage is Z0 volts); converte A-

frequency of I000 cps (size can be reduced if frequen_]t _:

is increased, but efficiency is simultaneously reduced,

because transistor and transformer losses are nearly " _i
proportional to frequency). %_

Table 3-10 shows a summary of booster regulator losses, weight,

and volume at power source levels of 100, 400, 600, and 1000 watts at the

assumed source voltage given by Table 3-9.

b. Development of Design Computation Process

The boost regulator design computation flow diagram is shown in

Figure 3-31. Required load bus power --J[Pb(max)]and the assumed effic-

iency (T]o) are used in Block A of Figure 3-31 and to give the required

source power P . P is used to enter Block B (Figure A4-3} and to
S S
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Figure 3-31. Boost Regulator Design Computation Flow Diagram
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yield source voltabe {Es) Pb(max) and Ps also enter Block F and this

yields the regulator dissipation, Qbr Source voltage {Es) and bus power

Pb{max) enter Block C {Figure A4-4), to give a value of efficiency,

_br' which replaces the assumed efficiency, _o The computation is then

repeated with the new value of efficiency. Es and Pb{max) also enter

Blocks D and E, {Figures A4-5 and A4-6) to yield booster regulator weight,

Wbr, and booster regulator volume, Vbr
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IV. ELECTROCHEMICAL SOURCES

A. PRIMARY SILVER-ZINC BATTERIES

Primary silver-zinc batteries are available in two basic varieties.

the manually and the automatically activated. Both are dry charge bat-

teries. ,The electroly.te is stored external to the ceils and is dispensed

to each cell immediately before use. The anode and cathode are completely

formed, requiring no charging.

The automatically activated battery has the electrolyte stored within

the battery package in a special reservoir equipped with a distribution

manifold. Apyrotechnic gas generator builds up a pressure in the reser-

voir, breaks a frangible diaphragm, and forces the electrolyte into the

ceils. By means of an initiating electrical pulse, the battery can be

activated remotely and automatically in a matter of seconds.

The manually activated battery is activated by pouring electrolyte

through an opening at the top of each cell. Both types are variable in

wet stand time, depending upon the number and thickness of cellulose

separators used, the time required for activati-on being directly variable

with the required wet stand time. In general, the cells, although of stand-

ard case size, are usually tailor-made to the desired application.

1. State of Development

Primary silver-zinc battery cells can be manufactured to contain

up to 100 watt-hours per pound in the larger cell sizes, although it is

somewhat difficult to achieve this level of power density in any but the

largest and simplest of batteries.

Voltage regulation in a single discharge of a prinaary silver-zinc

battery can be improved by heat treatment of the positive plates prior to

assembly into the cell. This creates a high resistance layer of silver I

oxide between the silver II oxide and the metallic silver current collector

and, in effect, drops the excess voltage internally. This lost energy

appears as heat within the battery cell.

In the longer life forms, the primary battery may be used as a sec-

ondary battery for a limited number of discharges, but the voltage regula-

tion initially available on the first discharge is not reproducible on

recharge.
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2. Systems Applications

The primary battery is designed for a single use and is thereafter

discarded. The automatically activated types are generally applied to

high energy short time applications in ;_¢hich instant readiness for use is

a critical requirement.

The manually activated battery is applied where the requirement for

instant readiness is not important, or where it is outweighed in impor-

tance by other f_ctors, such as critical weight requirements, unavailability

of an activating pulse, or a requirement for wet stand time that makes

the design of an automatically activated battery difficult to implement due

to the long filling time.

3. Development of the Design Computation F_-ocess

The computation process for the primary battery is designed to

estimate the weight of a primary battery, either automatically activated

or manually activated, feeding a bucking type regulator as shown in the

block diagram of Figure 4-I. The steps of the calculation are as follows:

I) The calculation is initiated by dividing the total mission load

power profile into n unequal time intervals At. during which

the power P. delivered to the load is a constan_t (Block A_).
1

Z) A value of overall converter efficiency, _ is assumed,

(n : 0.8).

3) A value of load voltage is derived from the load voltage

requirements (EL).

4) In order to provide for a voltage drop through the converter-

regulator, 1 volt is added to the load voltage required.
This provides a preliminary estimate of the terminal volt-

age of the battery (Block C).

Input, E L

E b = EL+ l.O

Output, E b

The blocks referenced in Subsection IV. A are shown in Figure 4-1.
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5) The current I. corresponding to P. is calculated (Block B)
1 1

Input, P. (from 1)
1

(from 2)

E b (from 3)

P.

I.- i

i "qiEb

Output, I.
1

6) A preliminary estimate of total battery cell capacity

required is obtained (Block F)

Input Pi' Ati(fr°m I)

I. (from 5)
1

Ii

C b (req)= _ (I i _ti)
1

Concurrently with these six steps of the program, the storage

deterioration factors are calculated. Storage is divided into (a) unactivated

or dry storage and (b) activated or wet storage. The wet storage period

includes the total storage time between activation of the battery by intro-

duction of the electrolyte and the end of the mission. Since the tempera-

ture of the activated storage affects deterioration rate, the temperature

coefficient fl (T) is read out, assuming a constant storage temperature

7) Block P

Input, see Figure A6-I.

T - temperature of activated storage

a (original)

readout ft(T)

Output, fl (T)

s) The fraction of capacity remaining after activated storage

is calculated (Fa) (Blo.ck O).

Input, fl(T) (from 7)
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Fi

t - time of activated storage (original)
a

F
a

I 0 fl (T)ta

Output, F
a

Similarly, the temperature coefficient,

for unactivated or dry storage.

fz(T) and F u

9) Block K.

Input, Figure A6-2

are calculated

T - unactivated storage temperature (original)
u

l
t-

'!

i

L

readout f2(T)

Output, f2(T)

10) Block J.

Input, f2(T) (from 9)

t Time of activated storage (original)
U

F

U

Output, F
U

Since loss of capacity in dry storage occurs because of thermal

decomposition of the divalent silver oxides, which comprise only half

the electrical capacity of the cell, F may not be less than 0.5.
u

11) Compare F u, 0.5 (BlockN)

Input, F (from 10)
u

If F < 0.5, let F = 0.5
u u

If F -_0.5, let F = F
U U U

\

Output, F
u
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A preliminary estimate of installed capacit V may now be made.

12) Block M.

Input, C b (req) (from 6)

F (from 8)
a

F (from 10)
U

C b (req)
C b - FaFa

Output, C b

Based upon the preliminary capacity estimate, the load voltage of

the individual battery cells is determined as a function of current and

temperature.

13) Block S.

Input, I i (from 5)

T b (original)

C b (from 12)

Read out E.
1

The number of cells required to provide a plateau voltage equal

to E b is determined.

14) Block T.

Input, E i (from 13)

E L (Original)

E +l.0
LN.--

1 E.
1

This value is increased to the next higher integer

Output, N i (integer)

The minimum and maximum power levels are determined.
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15) Block G.

, P.Input, Pl' PZ Pn i

Find P
max

Find P
rain

Output, Pi(max)' Pi(min)

The maximum number of cells is found by readout of N. (from 14),
]

,! when Pi is a maximum. Input N i (from 14) Pi max {from 15}

16) Block Z.

N=N. =P )I (Pi max

The maximum and minimum battery voltages are calculated and

the difference compared with the voltage range allowable at the input

to the converter.

17) Blocks Y and Z.

Input, E i (from 13}

N

Pi (max)

P.
1 {min)

Ebi = N E.1 (Pi)

Eb,max._} = N E.1 Pi = Pi (mini
(Block Y)

Eb(min) = N E i [ i = Pi(max) (Block Z)

Output, Eb(max), Eb(min)Ebi

18) Block U,

Input, Eb(max), " Eb(min) (from 17)

AV. = Eb(max) - Eb(min)
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19) Block R.

Input, AE (from 18)

AE (original)
a

Compare (AE AE) 0
a

If [AE a - AE]_0, let N = N (Block E)

If [AE a - AE ]9= 0,1et N = N - I (Block Q

A reduction in the number of series cells reflects as a reduction in

voltage, causing an increase in current and a consequent increase in

capacity, resulting in improved regulation.

Z0) On the first iteration, no test can be made. On all

subsequent integrations (Block V),

E b of the K 'th iteration and

E b of the K - Ith iteration are equal

and

AE - AE-----O
a

the iterative portion of the calculation is complete and

the weights and volumes are read out

The minimum design voltage of the converter is assumed to be

equal to Eb(min) and a converter efficiency factor, a, is read out.

&

Zl) Block I.

Input, Eb (rain)

A converter efficiency factor,

converter is calculated.

from 17 (Figure A 6-4).

Read out a

_, due to voltage drop through the

ZZ) Block JJ.

i _

L_

Input, a

Ebi,

(from Z 1)

Eb(min)'

_:a II-

from i 7

O. 125

4-8
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Output

A converter efficiency factor, k, due to operation of the converter

off the design power level is read out.

23) Block L.

Input, 1:'i (from 1), see Figure A6-5.

Pi(max) (from 15)

Read out k = F(p Pi
%, i (max)]

Output, k

A revised estimate of overall converter efficiency is obtained.

24) Block H.

Input, _ (from 22)

k (from 23)

ni = ×i

Output, Tli (replaces _ used in the last iteration)

Z5) A regised estimate of Ebi is obtained (Block B).

Input, E i (from 13) e

N (from 19)

Ebi = E i N

Output, Ebi

Replaces Ebi used in last iteration

26) Using new Ebi, _]i'

Return to Step 5)for the next next iteration

27) Continue iterations until the criteria of Stgp Z0 are

satisfied (Block V).

Z8) Then Input, Pi(max)(from 15)

Read out regulator volume and weight (Blocks BB, CC, Figure A6-6)

Z9) An average voltage is found (Block W}
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Input, Ebi

30)

of the last iteration (from 17)

n

i Ebi

Eb(AV) - n

Output, Eb (AV)

Input, % (AV)(from 29)

C b of the last iteration

Read out

Weight of unpackaged manually activated battery,

(Block DD).

W b = f [C b x E b (AV)] (Figure A6-7) (Block EE)

Packaging factor

(Figure A6-8)

Volume of batteries

(Figure A6- 9 and

A6- 10)

Weight of automatically

activated battery

(package) {Figure A6- 11 )

V m ,

Fp = f [ C b x Eb(AV) ]

V a = f [ C b x Eb(AV) ]

Wa = f[Cb x Eb(AV)]

(Block FF)

(Block GG)

31) Calculate manually activated battery weight:

Input, F (from 30)
P

W d (from 30)

Output, W m

Wm p= WbF
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B. SECONDARY SILVER-ZINC BATTERIES

The silver-zinc battery is the highest energy density electromechani-

cal energy source presently available for practical use in aerospace appli-

cations. Its use as a secondary battery has somewhat restricted applica-

bility because of the relatively small number of cycles available before

deterioration or perforation of the separator or some other cause results

in battery failure. The properties of the cells are variable between manu-

facturers and within the product lines of the individual manufacturers,

since the thickness of cellophane separators, the number of layers of

separator, and the thickness of the electrode are all varied by manufac-

turers to fit the requirements of the application in current density, storage

life, number of cycles available, and so on.

1. State of Development

Silver-zinc secondary cells are in a fairly advanced stage of develop-

ment and are now available from several manufacturers in both sea2ed and

vented form with short life, high power density characteristics and long

life, lower power density capability. They are capable of approximately

ten full depth discharges followed by low rate (C/20 - C/40) charge,

terminating at 1.9 to 2.0 voltsper cell. For the purposes of this study,

the longer life form of cellhas been treated, although the higher power

density form could be sized with this program if suitable data substitutions

were made.

Z. Systems Application

The most attractive application for the silver-zinc secondary is as

the energy storage unit in a Mariner-Ranger type of mission, in which a

few large blocks of power are required at widely spaced intervals. This

permits full advantage to be taken of the high energy density available from

the silver-zinc system and is not seriously affected by' the two major short-

comings of the system: the low cycle life and the requirement for extremely

low charging currents.

3. Development of Design Computation Process

The computation begins with the total mission power profile, which

is divided into successive time intervals, At i, during which the load power

requirement, Pi' is a constant.
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1) Divide the total mission into n unequal time intervals,
&t i during which P. is constant (Block A*).1

The energy removed from or restored to the battery during each

time interval is calculated. For this purpose, an available charging cur-

rent from the primary energy source is assumed. The charge and dis-

charge voltage are assumed to be identical and equal to the source voltage.

While this is unrealistic from the standpoint of spacecraft design, its effect

upon battery weight and sizing calculations is negligible.

Z) Calculate energy flow into and out of battery (Block B).

Inputs, Pi = PI' P2''" Pn

At i = At 1, At Z ... At n

s

E b =

Primary source current

Battery voltage

Calculation {Block B):

c I : -(IsEb - Pi )- & t. t

Output, c i = el' _2 "'" (n

The energy withdrawn from or restored to the cell during each time

interval is then grouped into successive intervals of charge and discharge

by adding all successive energy blocks having the same sign, until a sign

reversal occurs. Thus, if throughout time intervals Ati, At 2 -.- At a.

• . are all negative, representing a discharge ofthe signs of el, _2 " ea

the battery, and C a+l is positive representing a recharge, then the sum,

23I, of these energies represents the maximum depth to which the battery

is discharged during the time interval Atl--_t a-

Similarly, the sum X Z of these energies of positive sign Ca+ I - _b

represents the total energy restored to the battery during charge time

interval Ata+ I - At b.

3) Calculate depth of discharge and recharge during each
section of the mission (Block Cl.

*The blocks referenced in Subsection IV.B are shown in Figure 4-Z.
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Input, (i (from 2}

t=a

t=O
ci(allci have the same sign)

t=b

E2= I ¢.
1

ta+l

Output, E 1 , E 2 ... Ep (Block D)

The program now calculates the state of charge, Q, of the battery at

the end of each charge and discharge period, using the state of full charge

equal to zero as a reference.

4) Block E

When t = O, let Q = Qo = 0

The state of charge at the end of each charge or discharge period,

is equal to the initial state of charge at the beginning of this period +7,.. 1

However, the state of charge may never be allowed to exceed the fully

charged battery capacity, Qo = O. Therefore, after each state of charge

calculation, Q is tested against O, and if it is found to be greater than O,

is readjusted to be O.

5) Block E

i,

Input, El, E2, Y_3 (from 3)

Q = Q (from 4)
0

QI = Qo+_l

Q2 = QI + _2

Qi = Qi-I + Y'i

Output, QI' Q2' Q3' Q4 = O ... Qp

6) Test Qi versus 0 (Block F)

If Qi _'0, let Qi = 0

If Qi-O' let Qi = Q"I
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7) The maximum depth of discharge is found

Compare Qi' Q2' Q3 "'' Qp

Find Q
min

Concurrently with Steps

(Block G)

I) through 7) of the program, and

independently of them, the storage deterioration factors are calculated.

Storage is divided into unactivated, or dry, storage and activated, or wet,

storage. The wet storage period includes the entire storage time between

activation of the battery by introduction of the electrolyte and the end of the

mission. Since the temperature of activated storage affects deterioration

rate, the temperature coefficient fl(T) is read out, assuming a constant

storage temperature.

8) Block N

Input, Figure A 7- 1

T --Temperature of activated storage
a

!i

9)

lo)

Read out fl(T)

Output, fl(T)

The total time of activated storage is the sum of prelaunch

and mission times (Block J)

Input Atl ... At' n

tpl
= Prelaunch time after activation

h

t a = _ At i + tpl
0

Output, t
a

The fraction of capacity remaining after activated storage,

Fa, is calculated

Input, fl(T) from 8

t from 9
a

F = t0 tafi{T}
a

Output, F
a
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Similarly, the temperature coefficient f2(T) and F u

for unactivated, or dry storage.

1 1) Block O

are calculated

Input, Figure A7-Z

TumUnactivated storage temperature

Read out f2(T)

1Z)

Output, fz(T)

Block P

Input, fz(T)

t = time of unactivated storage
u

tufz(T)
F = 10 = fraction of capacity remaining after

u unactivated storage

Output,_ F
u

However, loss of capacity occurs due to deterioration of the divalent

silver oxides, which comprise only half the electrical capacity of the cell.

Fu, therefore, may not be less than 0. 5.

Qm in

13) Compare F u, 0.5 (Block Q)

If F _0.5, let F = 0.5
u u

IfF _-0.5, let F = F
u u u

A preliminary estimate of capacity (Cp) may now be made,

from (7) and F a and F u.

14) Block H

us ing

Input, Qmin (from 7)

F (from 10)
a

F (from 13)
u

E b (input)

Qm in

Cp = - FaFuEb

Output, C
P
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This preliminary estimate of capacity will be valid for 1 or 2 cycles

of moderate depth of discharge. If, however, larger numbers of cycles

are required, then a degradation factor based upon the number of cycle and

the depth of discharge are also required. The program therefore calculates

the depth of each discharge cycle, D d, determines the number of cycles,

N c, which can be expected from the battery at that depth of discharge, and

assumes a degradation due to one cycle equalto 1/N c. Then, the fractional

capacity remaining equals [1 (1/Nc)].

Since only alternate Q's are states of charge at the end of discharge,

the sign of E 1 is used to determine which are discharge and which are

charge cycles.

1 5) Block L

If _1 is negative,, use odd numbered Q values.

If E l is positive, use even numbered Q values.

16) Calculate depth of discharge (Block MI

Input, QI' Q3' 05"'' Q P

Q2' Q4' Q6"" QP

or

Cp, E b

Q1 Q3 Q2n-I

Ddl = Cp-_b' Dd2 = Cp-_b' Ddn = C--_

17) Calculate number of cycles N expected at each depth of
discharge (Block R) c

Input, Ddl , Dd2 , Dd3 ... Ddk , K c

18)

KcDdl
N =10

cl

Output, Ncl, Nc2 ... Nck

Calculate fraction of capacity retained after each cycle (B19ck S)

Input, N . •

cl' Nc2 " Nck

Fcl =[1 - (1/Ncl) ]
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19) Calculate overall fractional capacity (Fc) retained (Block T)

Input, Fcl, Fc2 , Fc3 ... Fck

F c = Fcl x Fc2 x Fc3 . • x Fck

Output, F
c

20) Calculate a final capacity (Block I)

Input, Cp, F c

C

Cb= PF
C

Output, C b

21) Read out battery weight (unpackaged) and volume (Blocks

U and W and Figures A7-3 and A7-4)

Input, C b, E b

Output, W b, V b

22) Read out packing factor (Block V and Figure A7-5).

Input, C b, E b

Output, F
P

23) Calculate packaged battery weight (Block X)

W b x Fp = Wp

4. Parametric Data Generation

Sources of parametric data for silver-zinc secondary batteries are

as follows:

l) Parametric data on values were obtained from Yardney
Electric Company Energy Data Book, SP5M82.

z) Battery weights were obtained from unpublished data

provided by Electric Storage Battery Company.

3) Battery thermal deterioration rates were obtained by

calculation from Mariner C battery data provided by

the Electric Storage Battery Company.

4) Battery packaging factors are STL estimates based upon

minimum-weight, open-frame packaging designs similar

to OGO and 823 designs, which depend for rigidity of battery

structure uponmotmting on a rigidbaseplate. These weight
estimates do not allow support or translation of external

loads through the battery structure.
4-18



C. SECONDARY SILVER-CADMIUM BATTERIES

When used in a secondary battery, the silver-cadmium cell has a

somewhat greater specific power than its major competitor, the nickle-

cadmium cell. Based upon cell weights, available specific power of from

25 to 30 watt-hours per pound are available.

Control of charge in a silver-cadmium battery depends on the charac-

teristics of the silver electrode and the tolerable buildup of gas pressures

within the cell. The maximum tolerable constantly applied voltage is

presently believed to be a function of current and temperature and varies

sufficiently with both parameters to defy any effort to develop a simple,

single-valued limit that is universally applicable throughout the useful

ten_perature-voltage-current range of the battery.

1. State of Development

At present, most silver-cadmium batteries are built with plastic

encased cells whose tolerance to overpressure is limited. Because the

maximum tolerable voltage is a function not only of temperature, but of

current as well, this leads to difficulties in control of charge as well as

problems in overall system reliability. Insufficient parametric data are

presently available for application to the design of useful power systems

over a wide range of powers, charge times and mission characteristics.

The useful life of the silver-cadmium battery has been extended

recently to approximately one year, if the associated charge control

problems can be solved and if battery charging rates are held to low levels.

Additional improvement will require a significant advance in the state of

the art, particularly in the area of separators, whose properties require

an ionic permeability similar to that of cellophane but with lower deteriora-

tion rates.

2. Systems Application

Silver-cadmium batteries are best applied to multiple cycling use

where the ratio of charge time to discharge time is fairly large, perhaps

greater than 10:1. At lower ratios, the charging currents become high

enough to cause difficulty in charge control, particularly with variable load

levels. Silver-cadmium batteries are lighter in weight than the corre-

sponding nickel-cadmium battery in sizes greater than 3 to 5
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ampere-hours, and are nonmagnetic in character, which makes them most

desirable for secondary power storage in satellites carrying magnetometers

or other experiments that are sensitive to the presence of magnetic fields.

3. Development of Design Computation Process

The battery design computation logic shown in Figure 4-3 is directed

toward the sizing of silver-cadmium batteries for cyclic use in aerospace

vehicles and, at the same tiame, gives certain parametric output data re-

garding the minimum useful heat rejection capacity required in any space-

craft in which silver-cadmium batteries are applied in accordance with the

basic assumptions defined in succeeding paragraphs.

To begin with, the program assumes that the worst operating condi-

tion for the battery is immediately obvious and needs no iterative computa-

tion. In the absence of this assurance, several likely sets of conditions

may be tried and evaluated as "worst conditions." Having assumed a set

of worst orbit or cycle conditions, the following input data are derived

from the orbit condition and spacecraft mission:

a) Time of discharge = t d

b) Time available for charge = t c

c) Orbit period or repetitive cycle period = t = t d + tp c

d) Average power required at the loads during discharge = PL

e) Average voltage at the bus during discharge = E b.

All the above input data are immediately derivable from a definition of the

mission requirements of the power supply and are not a function of the

power supply.

In addition, three preliminary estimates of the temperature of the

battery must be made in order to begin the computation and should be

selected with some thought. Although these estimates are automatically

revised as the computation proceeds, the total computation time will be

reduced if the original estimates are close to the final values. These

estimates are as follows:

a) Battery temperature at the moment at which charging
is terminated by the charge controller = T

ec

4 -2-0



b) Battery temperature at the end of the daylight period

of the orbit, or the charge period of the cycle = T
ep

c) Mean battery temperature = T a

, will usuallyUnless solar inputs to the cooling system are large Tec

be higher than T
ep"

T will usually reflect the designer's wishes to maintain a fairly
a

moderate battery temperature and can be estimated by taking the median

temperature between Tep and the temperature of the battery at the end of

the discharge period.

Finally, the mission requirements will dictate the required number

of cycles of operation. Following the empirical curve in Figure A8-1, the

depth of discharge (DD) will be determined.

Using the above input data, listed again below, the computation is

begun:

td PL

tc E b

-- t d + t DDtp c

T
ec

T
ep

T
&

1) Block C, computation of required installed battery capacity.

Inputs, I d (original)

t d (original input)

DD (original input)

Computation:

(I d) (t d)

Cb = DD

Output, (C b)

The blocks referenced in Subsection IV C are shown in Figure 4-3.
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z) Block E, computation of hourly charge rate R
C"

The number of hours required to charge a battery having

an installed capacity of (CBI) at an average charging cur-

rent of (IBC)

Inputs, C b (from block C)

I (original)
C

Computation:

C b
R -
c I

C

Output, R
c

3) Block G, read out of maximum achievable state of charge

• (also see Figure A8-Z).from empirical data curves Qec

Inputs, R (from E)
c

T (original estimate)
ec

Outputs, Qec

4) Block,O, test to determine whether or not the battery is

adequately charged.

Inputs, (l/ (from G)
ec

I d (original)

td (original)

C b (from C)

Two possible outputs:

Output 1,

Output 1,

in which case, proceed to Step 5), or

l,
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4A)

4B)

4c)

Output 2,

Idt d
Q

ec_

in which case, follow subroutine 4A through 4C

Block D, comput e increment of C b (zN3b)

Inputs, C b (from C)

I d (original)

t d (original)

Q (from G)
ec

Idt d

ACb = -_b Qec

Output, (ACb)

Block F, increase in C b

First a new (C b) estimate is made,

C b new = C b + {AC b) (from D)

Prior estimates of (Cb) are eliminated and the new (C b) is

used in further computations.

Iterate cyclically through C, E, G, O, D, F, etc., until the
conditions of Block O are satisfied:

Idt d
i.e., Q

ec= -_b

Then proceed to Step 5.

At this point, a preliminary estimate of installed battery capacity

is complete. If original temperature estimates are correct, or if low

depths of disch&rge are used. it is to be expected that this estimate will

not be changed significantly by further computation. However, because

of the sensitivity of the battery to the temperature at the end of charge, !'

the computation now proceeds into a new routine designed to define the
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temperature variations in the battery as it goes through discharge-charge

c_cling. This is done by breaking the discharge-charge cycle into small

time increments and accumulating the small temperature changes which

occur during these discrete periods. It is assumed that all parameters

remain constant throughout one increment of time.

Beginning with a battery of rated capacity, {Cb), which has been

charged to a relative state of charge, Qec {dependent upon temperature

(Tec) which was assumed):

5) Block I, generation of time increment At. This initial

time increment is triggered by satisfactory completlon of

Step 4.

6) Block Q,

Input, At

counting of time increments.

t = nAt

!

where n is the number of time increments which have

been generated.

Output, Time (t)

7) Block R,

7A) If t "ct d,

determination of mission phase.

battery is discharging and

I= I d

battery has just begun to charge and

I=+1I I
c

7B) If t = t d,

Subroutine 7A,

7C) If td.Ct _ tp, battery is still in the charging period and

may either be charging or on open circuit, depending

upon whether or not the charge controller has inhibited

charging.

7D) If t = tp, the cycle is complete. Since the discharge •
• ' _ ' e

occurs first m thls program, branch 7A (t<t d) will b
treated first.

discharge period, l= lldlBattery

4 -Z5
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7A-I) Block W, Compute state of charge decrement (AQ).

DeterrDines fraction of battery capacity removed during

discharge at a current (I) = - Id for a time period (AZ)

Inputs, At (from 5)

(I) (from 7A)

C b (from 4)

Computation:

(AQ)- (I)(at)
C b

Output, AQ

7A-2}

7A-3)

7A-4)

Block X, computation of battery state of charge.

Inputs, Q {from G)
ec

(AQ) (from 7A-I)

Computation:

nat

(Q) = Qec +
nt

AQ

Output, (Q)

Block H,

Inputs, C b (from 4)

I d (original)

Computation:

computation of hourly discharge rate

C b

Rd= -_d

, Output, R d

Block U, read battery temperature. On the first time

increment,, t = At, T = Tep,. since no better estimate has
yet been made.

t

Note: (Estimates in OK)

Output, (T)
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7A-5)

7A-6)

Block I, read out open circuit and closed circuit voltages

from empirical data (also see Figures A8-3 through A8-11).

Inputs, (T)

(Q) (from 7A-2)

(Rd) (from 7A-3)

E, E
o

compare Q, 0. 5.

Outputs,

Block T,

If

If

_Eoh
=K 1Q<0.5, \-_-7 P

_<0.5, \ aTJp = KZ

Inputs, (Q) (from I)

0.5

L

?A-v) BlockN, estimate heat dissipation in the battery (q).

Input s, (T) (from 7A-4)

I d (original)

E (from 7A-5)
O

(E) (from 7A-5)

Computation:

l

Output,

_E

_____o (from 7A-6)
8T

'#)q=Id o -E+T

(q),
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Here, the computation logic recognizes that good estimates of space-

craft thermal control and heat rejection capacity may be unavailable. As

a temporary measure, the program therefore generates a heat rejection

capability by assuming that at one temperature, 80°F, the total heat gen-

erated by the battery during the discharge mode is exactly balanced by the

ability of the spacecraft to reject this amount of heat during the entire cy-

cle period (tp). This represents a minimum heat rejection capability for

the mission. Where spacecraft thermal rejection parameters are available,

these should be substituted for computation Block K.

7A-8)

Output, (q')

7A-9)

7A-9- i)

7A-9-2)

Block K, computation of minimum heat removal rate from

the battery (q)

Inputs, (q) (from 7A-7)

(At) (from 5)

(t) (from 6)

(td) (original)

(tp) (original)

Computation:

This subroutine computes battery heat capacity (K)

BlockHH, read out empirical battery specific heat

capacity (Cp).

Inputs, (C b) (from F)

(Eb) (original)

Output, (Cp)

Block FF, this step reads out unpackaged battery weight.

Inputs (C b) (from F)

(Eb) (original)

Outputs, (W b)
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7A-9-3)

7A- 9-4)

vA- l0)

7A-I I)

Block GG, this step reads out battery package factor (Fp).

Inputs, (Cb) (from F)

(E b) (original)

Output, (Fp)

Block LL, this step computes battery heat capacity (K).

Inputs, (Cp) (from 7A-9- 1)

(Wb) (from 7A-9-Z)

(Fp) (from 7A-9-3)

Computation:

K = CpWbF p

Output, stored, K

Block V, computation of battery temperature (T').

Note: In the absence of detailed knowledge of spacecraft

characteristics, the simplest equation form for battery

temperature is used. This assumes that the battery

consists of a solid block of infinite thermal conductivity

radiating to cold space and that there are no external

inputs to the radiator at any time.) Where more detailed

knowledge of spacecraft performance is available, it

should be substituted for the relationships in Block V.

inputs, (T) (from Block U) (T = T on the first run)
ep

(q) (from 7A-7)

(q') (from 7A-8)

(At) (from 5)

(Ta) (as sumed) (original)

(K) (from 7A- 9)

Computation:

[ q'T4] 'xt
T': T+ q- 4 _--

T a

Output, (T')

Block U, revision of battery temperature (T). (T') (from

7A-10) is read into Block U and becomes the new (T) which

is used in all further computations.
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This completes one computation run on battery discharge for

t = At. When T' is substituted for T, a new time increment is generated

in Block P and the computation of Steps 5)through 7A-ll) repeated until t- td.

When t = td, the discharge is complete and a new subroutine begins

in which the battery is recharged.

_"When t - td, battery temperature is read out and stored as the

maximum battery temperature point, T .
m

7A-12) Read battery temperature (T)

Inputs, (t)= (td) (from Block CC)

(T) (from Block DD)

Computation:

Let T = T
m

Output, (stored Tin)

Subroutines 7B-7C battery charging period

7B-1)

7B-Z)

7B-3)

If t= td. I= +II I
C

Block LB Computation of battery charge increment (AQ)

(Determines fraction of battery capacity restored to the

battery at charge current (Ic) in a time increment (AZ)

Computation- Same as 7A-1

Output, (AQ)

Block X, computation of battery state of charge (Q}.

Input and computation (same as 7A-2)

Output, (Q)

Block L, computation of heat dissipation in battery.

Input, t = td (from J)

C omputation:

Output, (q)

q=0
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7B-4)

7B-5)

7B-6)

7B-7)

Block M,

battery (q').

computation of heat removal rate from

Inputs, t = t d (from J)

n d

I q (from K)

I

Computation of battery heat capacity.

Use battery heat capacity computed in (7A-9)

Computation of battery temperatures (same as (7A-10)

As before, when the new battery temperature (T) is

generated, it replaces the last battery temperature in

Block V and is used in the succeeding computations.

Block U.

Input, (T') (from R-B)

Computation:

LetT= T'

7B-8) Generate next time increment, At.

Subroutine 7C. This subroutine substitutes for 7B when t-= t d,

since after one or more increments of charge, the battery may have

reached its maximum achievable state of charge at the temperature (T) and

no further charging may take place. The program accomplishes this by

comparing Q, as calculated in step 7B-2, with Qec (empirical data). If

Qec _- Q, further charging is permitted to continue and additional charge

increments (AQ) are added to Q to increase the battery state of charge.

no further increments of charge are permitted to accumulate.Once Q = Qec'

7C- I) Block II.

Note: This is identical with Block G (This step

determines the battery maximum achievable state

of charge) (also see Figure A8-Z)

Inputs, (T) (from Block U)

(Rc) (from Block E)

Output, (Qec) I
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7C-2) Block MM, comparison of the actual state of charge

with the maxin_um achievable state of charge (Q).

Two outputs are possible:

If (Q) -,= (Qec), then (I) = (I c)

If (Q) __ (Qec), then (I) -- 0

Computation continues as in 7B-I, 7B-2,

7B-6, 7B-7, 7B-8.

7B-3, 7B-4, 7B-5,

a new value of T is read7C-3) When Q becomes, equal to Qec' ec
out.

Inputs, (T) (from V)

(Q) = (Qec) for the first time (from II)

Computation:

Let T = T (Block Z)
ec

Output, (Tec)

New time increments are generated and the computation is repeated,

until, finally, t = t .
P

At the end of the computation, when t = t , a new value of t is
p ep

read out and replaces the value previously stored.

8) Block AA.

Input, (T)

(t = tp)

Computation:

Output,

Let T
ep

(Tep)

(T a)

= T

II) Block J J, a new average battery'temperature is calculated

and replaces the value previously stored.

Input s, (Tep) (from AA)

(Tin) (from DD)
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i0)

11)

IIA)

lIB)

llC)

liD)

Computation"

T T

Let T - ep m
a 2

Output, (T a)

The program compares the value of Tec generated in

step 7C-3, with the value previously stored. If

Tec = Tec (previously stored) no further iterations

are necessary and capacity, weight, packing factor

and other parameters may be read out (Step 13).

If Tec _ Tec (previous) the entire computation is
repeated from Step 5.

Final data read out: T = T previous.
ec ec

Read out C b from Block F.

Block EE, calculation of battery volume (also see

Figure A8- IZ).

Input, (Cb) (1 IA)

(Eb) (original)

Output, (V b)

Block FF, calculation of unpackaged battery weight (Wb)
(also see Figure A8-13).

Inputs, (Cb) (from IIA)

(Eb) (original)

Outputs, (W b)

(Fp)

Block GG, calculation of battery package factor (also see

Figure A8- 14).

Inputs, (Cb) (from I IA)

(Eb) (original)

Outputs, (F)
P

(Wp)
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13E) Block KK, computation of packaged battery weight.

Inputs, (Wb) (from FF)

(Fp) (from GG)

Computation:

W = FpW bP

Output, (W)
P

3. Parametric Data Generation

Sources of parametric data are as follows:

15 Battery cell voltage as a function of time, temperature
and current are based upon discharge curves taken at

STL and reported in STLReport No. 2314-6001-RU000,

by J.J. Biess, W.T. Stafford, and W.H. Wright, May
1963 and upon unpublished data by W.T. Stafford.

25 Battery weight and volume relationships are derived.

from the Yardney Electric Company's Energy Data

Handbook, Yardney Publication SP5M 82, "Compact

Power by Yardney':

35 Maximum achievable state of charge relationships to

current and temperature are derived from 15 and from

"Interim Report, Silver-Cadmium Batteries," by

W.T. Stafford, STL.

45 Heat capacity data on silver-cadmium batteries are

generally unavailable. A single value of 0.714 watt-

hour per watt-hour of capacity is based upon a single

measured value of 221 Btu per pound of weight

(unpublished data by W.T. StaffordS.

4. Problem Areas

The major problem area in silver-cadmium battery technology is

that of control of the charging process over wide ranges of battery current

and temperature. Insufficient data are presently available for the develop-

merit of such a wide-range charge cor_trol technique, although there are

_: sever&l approaches now t/alder investigation at STL and elsewhere that

show some promise of finM achievement of this objective.

The silver-cadmium cell has an inherently poorer voltage regula_n

!range than almost any other type of battery due to a combination of the low
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i

voltage of the system itself and the two-step process of discharge character-

istic of the silver-peroxide-oxide electrode. This makes it difficult to

take advantage of the low impedance of a battery by floating the battery

across the power line at all times and makes the design of power systems

incorporating silver-cadmium batteries difficult.

The design computation program is applicable generally to cyclic

programs of a repetitive nature, in which temperatures are unknown and

in which the battery is allowed to reach thermal equilibrium. It may also

be used with some modification for missions having nonrepetitive cycles

in which the starting temperat_res of the battery are knt)_n, but in this

case, the accuracy of the program is dependent upon the accuracy to which

the heat rejection properties of the spacecraft are known. This is of

greatest importance in those missions in which long cruise periods exist

during which the battery temperature is a function of the spacecraft thermal

properties rather than a function of battery energy throughout.

5. Conclusions

Development of a program for sizing of silver-cadmium batteries

involves simulation of the mission in time, temperature, and power level.

In addition to the sizing of batteries, the following data are available

within the present computer program:

1) An estimate of battery temperature, heat generation

rates, and minimum acceptable cooling rates con-

sistent with battery opt_ration.

2) If data on actual spacecraft heat rejection properties

are substitutedior Blocks K through N, a simu-

lated mission can be flown, which will develop heat

generation and battery temperature transient data

useful in the design of charge control systems.

3) Much of the data required for a complete design,

particularly of the thermal interface, are not

available. Direct measurements of heat generation

rates as a function of current and of state of charge,
thermal conductivity data, heat capacities, etc., are
now nonexistent.

5. Recommendations

This design cor_putation method is basically a refinement of the

detailed design technique most useful in sizing the battery. It ignores,
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however, the problem of battery charge control, which may be solved in

one of several ways, depending upon mission requirements. It is the

writer's opinion that this design computation technique could be expanded

to include a selection of charge control technique and charge control

parameters, but in order to implement this effectively, extensive cell

property measurement must be undertaken.

It is recommended that battery property measurements be geared to

the requirements of this design computation program. Such data will be

useful in all silver-cadmium battery design efforts with or without benefit

of the computer prograna.

Finally, it is recognized that the rapidly charging state oftheartwill

cause rapid absolescence of the data provided, and of a few of the sub-

routines in the program. It is suggested that some effort be expended

periodically in updating the program and data.

,F_,

F_Z
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V. POWER CONDITIONING (INVERTERS)

A parametric study was conducted involving eight inverters (dc-ac)

to determine their weight, volume, input current, and total power dis-

sipation as a function of load, efficiency, and input voltage. The eight

inverters are typed by permutations of phase, frequency, and regulation

in the following manner: .

A*

De sc ription

Type Phase Frequency Regulation

IA I 400 Regulated

IB 1 400 Unregulated

2A 3 400 Regulated

2B 3 400 Unregulated

3A I 2400 Regulated

3B l 2400 Unregulated

4A 3 2400 Regulated

4B 3 2400 Unregulated

STATE OF DEVELOPMENT

Inverters are produced with a variety of circuits, depending on re-

quirements. In most cases, the end item is influenced by cost. Military

applications, however, require reliabili'ty and often light weight, and

space applications strive for even higher reliability and a minimum

weight. To achieve a high reliability inverter, the design must employ

a limited number of parts, all of them selected for proven performance

and applied in a considerably derated manner.

The most complicated circuit in the inverter is the regulator. Many

types of regulators have been developed, but for this study, a single type,

which has the greatest efficiency at the higher power levels, was selected

for all types of inverters investigated. Transistors have continued to

improve, and power transistors with extremely fast rate$ of switching

are known to be more efficient at the frequencies and power levels

described here.
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B. ASSUMPTIONS FOR DESIGN STUDY

All types Of inverters described here are assumed to operate from

a primary bus at a nominal voltage between 20 vdc and 30 vdc. The out-

put potential may be as high as 250 volts peak. Ambient temperature is

0 ° to 45°C with a maximum internal temperature rise of 40°C in vacuum.

Approximately 80 percent of the heat dissipation is removed through the

base mounting. All inverters studied had a power range of 5 to 250 volts.

The simplified schematic in Figure 5-1 illustrates the general cir-

cuit used in the evolution of the parametric study. The regulating system

is of the pulse-width modulator type in the input dc power circuit. An

input susceptibility and interference filter (C1-L1-C2) precedes the

pulse-width modulator (Q1). Apower-integrator (CR1-L2-C3) follows,

so as to smooth the pulses prior to dc-to-ac conversionby the power-

switching transistors (Q2 and Q3) and impedance-changing transformer

(T1). An oscillator supplies stable frequency drive to the switching

transIormers and to the regulator amplifier (Z1) that contains the

dc-to-pulse converter. Flux integral is kept constant by feedback from

a separate output winding into the amplifier containing a voltage

c ompar ato r.

Figure 5-2 represents a package containing the principal parts in a

three-phase regulated inverter, and Figure 5-3 illustrates a single-phase

unregulated converter package.

C. DEVELOPMENT OF DESIGN COMPUTATION PROCESS

Figure 5-4, Inverter Design--Computation Flow Diagram, contains

the essential steps in deriving the weight, Wi, volume, V i, input

current, I(P), and heat dissipation, Qi in the process of optimizing any

one of the eight types of inverters.

The computation begins with Block A of the flow diagram (Figure 5-4).

The rated output power, Pr' of the inverter, based on the maximum

steady-state load power required during the mission, is introduced. For

the specified rated power required by the load, Function A (Figure Ag-I

in Appendix Ag)relates efficiency, _o' for a specific inverter type to the

specific weight, Pr/W. Dividing the specific weight into the rated p_wer

yields the weight as a function of efficiency [W = f(_o) ] .
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Figure Ag-1 contains a general equation for each inverter type and ......

a table of constants. This will permit computation of any weight for any

type of inverter between the efficiency limits of 50 to 100 percent and the

power limits of 5 to 250 watts.

The weight of the inverter enters the computation Block E where it

is combined with a weight term composed of a weight factor, F w, which

is the specific weight (lb/watt) of the system power supply. The initial

inverter weight calculated at a given efficiency is thereby modified in

such a manner as to compensate for the weight penalty paidelsewhere in

the power system because of power dissipated within the inverter.

The computation process of Block F scans the varying efficiency of

the inverter until a minimum corrected weight, W' is obtained. This
m in'

final efficiency is then reapplied to the parametric graph (or equation} of

Block A, resulting in a new specific weight and, by division into the rated

load power, an inverter weight, W.I.

Block B receives the optimum efficiency computed in Block F and

the rated power. For the proper inverter type, Function F {Figure A9-2

in Appendix Ag) provides the density, W/V. The density divided into the

weight resulting from Block H computation produces the volume, V i, Of

the optimum inve rte r.

Figure A9-2 also has a general equation and an associated table of

constants, providing a solution for the range of efficiencies and rated

power given.

In Block C, a fundamental calculation is made to determine the input

current to the inverter at rated load at any input voltage. The efficiency

is virtually constant for the type regulator used. Input current, therefore,

is a function of input power and input voltage.

Block D,introduces a correction factor for inverter loads less than

rated. Function D (Figure A9-B in Appendix Ag) relates the load fac_zor,

FLR, with the ratio of actual-to-rated loads at the optimum efficiency

and with the specified inverter type. The corresponding value is a factor

correcting the input current at rated load to a magnitude related to the -

actual load. The two factors resulting from Blocks C and D are combined

in Block G to produce the function of input current at actual load to the

input voltage.
5-6
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Block I completes the process by computing the dissipation in the

inverter.

The use of the Inverter Design Computation Flow Diagram is dem-

onstrated with the sample calculation in Appendix BS.
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VI. CONCLUSIONS AND RECOMMENDATIONS

This stucly has shown the feasibility of employing computer techmques

tor a step-by-step method of calculation and has provided strong indications

of the possibility of performing complete mission simulations on electric

power systems. The validity of this calculation method in the design of

the_'_noelectric sources, inverters, and silver-cadmium batteries has been

verified by test computer runs that show good agreement with existing

hardware designs. The study has clearly disclosed gaps in the state-of-

the-art and in available data, thus providing directions for future research

and test effort.

i

The value of this report should be preserved by periodic updating.

I(e_,isions and expansion of its content should include the following areas:

• Power Sources: fuel ceils, concentrator collectors,

thermoelectric sources, Brayton cycle dynamic system.

Thermal Storage.

• Electrochemical Energy Storage: nickel-cadmium batteries.

• Power Conditioning: converters, regulators.

• Power Control: series type.

• Reliability and Redundanc Y.

It is also recommended that: (1} research and development test

efforts be c,,nducted to upgrade the present data and to improve both the

availability and usability of existing information; (2) that methods of

system mission simulation be studied and devised; and (3) that the feasi-

bilit¥ of broadening present computation procedures to cover wider ranges

of missions and applications be investigated.

6-1
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APPENDIX AI

SOLAR PHOTOVOLTAIC PARAMETRIC DATA

The blocks referenced in this appendix are shown in Figure 3-1.
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Ac = 2 C/_"

= 1.9CM 2

• 0.73 OHMS

Pm " 26.6 MW

i?o= 10%

Figure AI- I. Solar Cell Current-- Vol,age Char_cte1:'istics (BIoP__ A/)_:.'_ :*
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APPENDIX A2

SOLAR THERMOELECTRIC PARAMETRIC DATA

#
The blocks referenced in this appendix are shown in Figures 3-11, 3-12

and 3-13.
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APPENDIX A3

SOLAR THERMIONIC PARAMETRIC DATA

The blocks referenced in this appendix are shown in Figure 3-24.
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APPENDIX A4

SOLAR POWER SOURCE CONTROLS PARAMETRIC DATA

'_The blocks referenced in this appendix are shown in Figure 3-30.
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APPENDIX A5

SOLAR DYNAMIC POWER PLANT PARAMETRIC DATA

SThe blocks referenced in this appendix are shown in Figure 3-26.
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Figure A5-9.
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APPENDIX A6

PRIMARY SILVER-ZINC BATTERY PARAMETRIC DATA

#The blocks referenced in this appendix are shown in Figure 4-1.
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APPENDIX A7

SECONDARY SILVER-ZINC BATTERY PARAMETRIC DATA

_The blocks referenced in this appendix are shown in Figure 4-Z.

J

A7-1



v

I,I.

G
0
<

0
t,-,-

I.i.I
I-,-

<
>

U
<

8
I---

z
z

I,-,-

<

I.i.I
Q,.

!
I-,-

B.1

0.01

O.OOl

o. ooo!

TEMPERATURE,°F

Figure A7-1. T.emperalura E-..ix_nen!o£
.' Ten, perature. (BI,}c)< N)

A7-Z

Acti\ated Storage Versus

150



10-2

u_

0

0
I-,-

o
LU
k"

>
k-

u

Z

I.I.

0

Z
L_

Z

e_

eL

i--

(T) = LOG FRACTION OF RETAINED CAPACITY PER DAY OF UNACTIVATED STORA(

.._,__,_.,__t(DAYS) • I ii [1!]' " .... ............

TEMPERATURE, OF

Figure AT=Z. Temperature Exponent of Activated Storage

Versus Temperature (Block O)

A7-3

I



I0,000

1,000

0
-1-

l..u

x
r'}

v

u

u

IO0

I0
10

WEIGHT, POUNDS

100

Figure A7-3. Cap;_cit\ W,:i,..:}',_ Rt'.l:_lionsh_p _i %

A7-4

i,.,d Second¢_ c,/



1,000

_oo

?

uJ

x

v

u

i

• ........ -7.1i--
:_:2-_-t::-:_ _],,,_t........ :. ::-:_ i-.: '

:, _ , , i::!:," i..........

' "''t? =*!" _'_.' :,.

_: _ t'_::l ....... !:i ,

"L2.2.2222_.i::::I::: ..... 2"2:I:22.2:

-':"t: :!'" !/" ::'!:"V" "
-: ._::_---I:: i!::, ;_. !!t i_.::

"L ......

.... ; -;=] .... t ........

10

VOLUME, CUBIC INCHES

1,000

Figure A7-4. Capacity Volume Relationship of Manually Activated

Primary and Sealed Secondary Silver-Zinc

Batteries (Block W)

A7-5

I



I000

100

x

_D

u

>.-
I--

e-i

u
,v

0
.1-
I

t.-.
I--

10

""' "ii
i! _i : J- 2 ! ! i _ ] ! ; ! i | ! ! ! _. f [:[4.=-t _i:1

. . , .... * t . . * : I I :'! I-*-

' ' i-"_| i I _ I " i "_' I ,_ '* it i rd :_
..... I .......... I: :=

il i ii

i ! :ill'. i211: ili_ :.] i i: &[[f_-_} _ ; i i 1, i ! _ [ i_ _ ..;i-!! i ] i\:.i[:!_

' i :i i i _] i ! [: : { ! ! _ i .! "_i_=_=

i:;i< !_ii! iiii'::l!iiiil_i\]_?
i iiiili!_,i?l{ii -il:,!:-i ;J-ii_;

_-÷I i i ! i , . iT-! ! ! : [._! ! . _ '_!Li.
.i_i2ill ;i iil!_i_:-li!i _ili_:,T;_

,=_:--I! {i ,!i:!:I!;i!!_!!:;_,

........ : ........ t

.... : .......... :_ !]T-]

1.15 1.20 1.25 1.30 1.35 1.40

PACKAGING FACTOR, F
P

Figure A7-5. Batter>, Package Factor as a Function o£

Watt-Hour Capacity (Block V)

A7-6



APPENDIX A8

SECONDARY SILVER-CADMIUM BATTERY PARAMETRIC DATA

The blocks referenced in this appendix are shown in Figure 4-3.
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APPENDIX A9

POWER CONDITIONING {INVERTERS) PARAMETRIC DATA

The blocks referenced in this appendix are shown in Figure 5-4.
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APPENDIX B1

SAMPLE CALCULATIONS FOR SOLAR PHOTOVOLTAIC SOURCES

&

Problem A: Design the solar array for a Mars oribiting vehicle, given

the following: _

P = 500 watts
s

E = 30.4 volts
sa

I = 16.8 ampssa

E = 29.7 volts
s

T

AU= 1.67

T = O°C
sa

= 10°C
max

Mission Life = 1 year

1. Determine Design Point Time with Respect to Launch

Assume that the design point for the solar array occurs at the

end of life

td = I year = 8736 hours

Z. Determine Particle Radiation Dose

The equivalent 1-Mev electron dose on solar cells, adhesive,

cover material, etc., are determined by means of a separate calculation

procedure. For initial design, assume:

' 14 cm z=IxlO e/
C

' 014 Z: 1 x 1 e/cm
a

' 014 Z= 1 x "I e/cm
cg

3. Select Solar Cell

From solar cell current-voltage characteristics (Block A) _ and other

characteristics define:

I = 66 ma r = 0.73 ohms
sc S

2
E = 540 mv A = a cm

oc c

Z

I{Pm_.. = 60 ma Ac_a = 1.9 cm

2
E(Pm) =' 443 my Wc/A = 0. 11 gm/cm

Pcg

d
cg

3
= 2.6 gm/cm

= 6 mils

Block letters in this appendix correspond to computation blocks in
Figure 3-1.

BI-I
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4. Define Solar Array Configuration

5,

A
p(max)

Pcb

= 30 ft 2

= 2.4 gm/cm 3

dcb

Wh/A

= 4 mils

= 0.08 gm/cm 2

F. = 0.95
I

F = 0.92
P

Calculate Radiation Current Degradation _Block K).

' 014From Block B at _ = 1 x 1 e/cm 2, I = 61.4 ma. Therefore
c sc-_

AI@= ISC.@- IO[Eo= 0

= 61.4 ma - 66.0 ma = -4.6ma

, Determine I-V Curve due to Radiation Current Degradation (Block L).

Shift curve (Block A) along current axis by AI_ = 4.6 ma, or

I1 = I° + AI@

= I 4.6 ma
o

Determine the open circuit voltage of the new curve [I 1 = f(Eo) ] .

I = E°[ =4.6E° I 1 =o I ° ma

= 537 mv

7. Calculate Radiation Voltage Degradation (Block M).

' 14 2
From Block C at _ = 1 x 10 e/cm ,

c

E = 51Z mv
oc-4_

Figure BI-1 illustrates the results of computation steps 5 through 18.

BI-2
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Figure BI-1. Solar Cell Current-Voltage Characteristics
of Sample Calculations
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Therefore,

AE_= Eoc_¢- EOlll=0

= 51Z mv - 537 mv

= -25 mv

8. Determine I-V Curve due to Radiation Degradation (Block R).

Shift curve (_10ck L) along voltage axis byAE¢ = -25 my, or

= + AE¢E l E o

= E - Z5mv
O

9. Calculate Current Difference at Operating Temperature (Block S).

!

From Block N at
C

= 1 x 1014 elcm 2

_i/Isc = 0. II%/°C

Thus,

AI T = I 1 [E 1
=0 05I/Is c) AT

From 6,
i

I

I IEI= 0

From Block O,

= I°IEo=ZZ mv + AIe9

= 66.0 ma - 4.6 ma = 61.4 ma

-AT = T - T = 0°C - Z8°C = -Z8°C
sa o

and

AI T = 61.4 ma (0.0011/°C)(-38°C) = -1.9 ma

BI-4



I0. Effective Insolation on Solar Cells (Block P).

From Block G calculate the relative insolation

S --

I

(AU) Z

l l

.67.z_= z.-Trg= o.358(1

!

From Block JD at
a

= l x I014 e/cm z

F = 0.974
a

!

From Block E at
cg

=Ixl0 14 elcnZ

F = 0.948
cg

From Block F at

!

F = 10 deg and
cg

= 1 x 1014 e/cm z

and

Therefore, from Block P

!

s

cos F = cos i0 deg

R = 0.986
sc

= sR F F
SC cg a

= (0. 358)(0. 986)(0. 948)(0. 974)

= O. 3Z6

11. Voltage Difference at Operating Temperature (Block U).

!

From Block Q and at s = 0.3Z6(Step 10)

From 9,

_E
= -2.45 mv/°C

AT = -Z8°C

BI-5
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I

I

I

i

i

12. I-V Curve due to Operating Temperature (Block T).

Shift curve (Block R) along current axis by _I T = - l .9 ma and along

voltage axis by AE T = 69 my, or

= + _I_ + _I TI2 -- I 1 + &I T I o

= I1 - 1.9 ma = I"O
-6 5ma4.6 ma - 1.9 ma = I° •

E 2 = E 1 + AE T = Eo + AE_ + E T

and

= E 1 + 70 mv = Eo - Z5 mv + 69 mv = Eo + 44 mv

Izl = I_ + Z_IT
E2=0 EI=-69 mv

= 61.4 ma - 1.9 ma = 59.5 ma

1 3. Current Difference due to Insolation (Block V).

From IZ,

and from I0,

Therefore,

: AI
S

!

= (s 1) IZ[E2=0

IZ[E2= 0

= 59.4 ma

!

s = 0. 326

14.

= (0.326-1)(59.4 ma) = (-0.674)(59.4 ma) = -40.0 ma

Voltage Difference due to Insolation(Block X).

From 13,

/xI = -40.0 ma
S

BI-6



AE =-I AI
s s s

= -(0.73f2)(-40.0 ma) = 29 mv

15. I-V Curve due to Insolation (Block W).

Shift curve (Block T) along current axis by &I
S

voltage axis by AE = 29 mv, or
S

13 = 12 + _I = I + Al@+ &I T + Als O S

= -40.0 ma and along

: 12 - 40.0 ma = Io - 46.5 ma

= = E + &E¢+ AE T + AEE3 E2 + AEs o s

= E 2 +29 my = Eo + 73 mv

16. Current and Voltage Difference due to Panel Assembly (Block Z).

Determine the maximumpower point of curve (Block W) and its current

and voltage (Block Y).

I3(Pma x) = 17.6 ma

Calculate with F. = 0.95
1

E3(Pmax) = 460 mv

i 3(Pro ) -

= -17.6 ma(1 - 0-_O..95)

= -17.6 ma (1 - 0.974)

= -17.6 ma (0.026) = -0.5 ma

&El = -E3(Pm)[l _i]

= -460 mv (0.026) = -12 my

BI-7
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17. I-V Curve of Installed Solar Cell (Block AA).

Shift curve (Block W) along current axis byhI. = -0.5 ma and along
l

voltage axis by AE. = -12 my, or
l

I = 13 + hi. = I + AI_cp + AI T + hi + AI.1 o S 1

= 13 - 0.5 ma = Io - 47.0 ma

E = E 3 + hE. = E + hE_ +AE T + hE + AE.1 O S I

= E 3 - 12 mv = E + 61 mvo

18. Maximum Power Output of Installed Solar Cell (Block BB).

Determine the maximum power point of curve (Block AA) and

its current and voltage.

I(Pmax ) = 17.0 ma

19.

E(Pmax) = 455 my

Number of Series and Parallel Cells in Solar Array (Block CC).

From 18 and at E
sa

, I
sa

N =

= 30.4 volts, and I
sa

= 16.8 watts

16.8 amp (1000 ma/amp) = 988 cells in parallel
17.0 ma

E
sa

N
s = E--U 

30.4 volts
= 66.8 cells

O. 455 volts

Increase to next higher integer such that N
S

= 67 cells in series.
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Z0. Cell Operating Voltage (Block DD).

E
sa

E -
op N

S

30.4 volts

67 cells
- 454 mv/cell

21. Cell Operating Current (Block EE).

From curve (Block AA) at E = 454 my,
op

determine

and

I !

Isa = IopN P

I = 17.1 ma
op

= (17.1 ma)(988 cells) = 16.9 amperes

22. Array Reliability Enlargement (Block MM).

By means of a seperate reliability calculation, determine the
I

anticipated array current at t d. For initial design at time t d and Np,

assume:

11 1'

%1 : o.95 ia i sa

Np.

and that

T bus,

Np

= 0.95 (16.9 amp) = 16.1 amperes

I" I = I = 16.8 amperes

salN P sa

I
sa I

- ,, Np
1 i

salNp

16.8a
=_ (988) = 1032 cells in parallel
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and

!

I = I Npsa op

23.

= (17.1 ma)(1032) = 17.6 amperes

Number of Cells in Solar Array (Block FF).

From 19 and 22

Nsa = NsNp

= (67)(1032) = 69, 144 cells per array

24. Area of Solar Array (Block GG).

From 3, 4 and 23
&

N A
sa c

A -
sa F

P

(69'144)(2 crag)(_._ ftZ/cm 2)- 0.92 = 162 ft2

25. Determine Solar Cell PhysicalParameters (Block LL).

From 3 and 4 using Block H calculate

w =w /AxA
c c c

= (0.11 gm/cm2)(2 cm 2) = 0.22 gm

w =p xA xd
cg cg c -a cg

Wcb

= (2.6 gm/cm3)(1.9 cm2)(6 mils)(_-_

= Pcb x A c x dcb

= (2.4 gm/cm3)(2 cm2)(4 mils)(_ c )

cm_
m--'Tl] = 0.075 gm

BI-IO
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w h = Wh/A x A c

= C0.08 gm/cm2)(Z cm 2) 0.16 gm

and

W

!

=w +w + +w hc c cg Wcb

= 0.22 gm + 0.075 gm + 0. 049 gm + 0. 16 gm = 0.51 gm/cell

: (0.51 gm)(_--_E l_m) : 1.13 x 10 .3 lb

Z6. Determine Solar Array Structural Parameters (Block JJ).

From 4 and 24 calculate Block HH

A
$a

n =
p Ap(max)

162 ft 2

30 ft2
= 5.4 panels

Adjust to 6 panels and calculate Block II

A
saA -

p n
P

16Z ft 2
- 27 ftz

For initial design, assume the use of only "Primary Panels" such that

from data (Block J3) at Z7 ft 2

W /A = 0. 516 lb/ft 2
S

27. Weight of Solar Array (Block _).

From 23, 2-4, 25 and 26 calculate

BI-II
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or

and

W
sa

l

= Ws/AX Asa + w c x Nsa

¢

: (0. 516 16/ftZ)(16Z ft2) + (0. 00113 Ib)(69, 144)

= 83.6 Ib + 78.1 Ib = 161.7 Ib

161.7 ib
500 watts - 323 Ib/kw

161.7 Ib= I. 0 Ib/ft Z
162 ft 2

500 watts = 3.08 watts/ft Z
162 ft 2

28. Solar Plant Power Output with Zero Cell Failures (Block PP).

!

From 22 at E = 29.7 volts and I = 17.6 amp, calculate
S sa

! !

P =E I
S S sa

: (29.7 volts)(17.6 amp) = 523 watts

ProblemB: Determine power output of the designed solar array in near

earth space just after launch:

E = 30.4 volts t = 0
sa

E = 29.7 volts AU = 1.0
P

T = 50°C • = 0
sa

5 !. Radiation Current Degradation (Block K).

!

From Block B at
C

= 0,

I = 66 ma
sc-_

and therefore

_I_= 0

BI-IZ
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7'. Radiation Voltage Degradation (Block M). At
C

= 0,

and therefore

E = 540 mv
oc-#

AE_ = 0

9'. Current Difference at Operating Temperature _Block S) . From Block O,

f

with • = 0,
C

and therefore

AI T = IIIEI= °

AT = ZZ°C

Isc)= 0. 055%/°C

Bi/Isc AT = 66 ma (0.00055/°C)(ZZ°C) = 0.8 ma

t

10. Effective Insulation on Solar Cells (Block P) . FromBlock G

S -
1 1

1 o-07-- (,.0,z: '
!

From Blo_k O at • = 0,
a

F =I.0
a

From Block E at _" = 0,
cg

F = 0.95
cg

t

and from Block F atF= 10 ° and ¢ = 0,
cg

and

Therefore,

cos F

from Block P

= cos 10 ° = 0.985

R = 0.987
SC

i

s = s R F F = (I.0)().987)(0.95)(i.0) = 0.938
sc cg a

BI-13



II '.

Since AT ffi22°C,

The refo re

Voltase at Operating Temperature (Block U).

and s = 0.938,

_E = -Z.47 mv/°C

AE T = _EAT = (-Z. 47 mv/°C)(_Z°C)

= -54 mv

IZ'. I-V Curve Due to Operatin_ Temperature (Block T').

Shift curve (Block A) along current axis by A IT = 0.8 ma and along

voltage axis by AE T = -54 mv, or

and

I 2 = I° + AI{)+ AI T = Io + 0.8 ma

= = - 55 mv
E z E ° + AE_) + _E T E °

= I + AIT

°1
EZ=0 E =67 mvO

= 66.0 ma + 0.8 ma = 66.8 ma

! !

13. Current Difference Due to Insolation (Block V). From 12 ,

and from 10P,

,21 II 0

EZ=0

Therefore,

!

_I s = (s -I) 12

!

14.

E =0
0

= 66 ma

s' = 0.938

IE2=

: (0.938-1)(66.8 ma) = (-0.062)(66.8 m_.)

= -4.1 ma

Voltage Difference due to Insolation (Block X).
!

From 13 ,

AI = 4.1 ma
S

AE = -r aI = -(0.731])(-4.1 ma) : 3 mv
S S S
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15. I-V Curve Due to Insolation(Block W_.

Shift curve (Block T) along current axes by AI s
voltage axis by AE = 3 my, or

S

= -4.1 ma and along

13 = I° + _I%+ AIt + AI s = I° + 0.8 -4.1 = I° -3.3 ma

16'.

E 3 = E + AE_+ AEt- + AE = E - 54 my + 3mv =E -51 mv0 S 0 0

Current and Voltage Difference Due to Panel As se mbly (Block Z).
!

Determine the maximum power point of curve (Block W ).

13(Pro) = 56.0 ma

E3(P m) : 395 mv

Calculate with F. = 0.95
I

ZxI":-I3(Pm)[II -A_i]:- (56"0ma)(0"0Z6)= -I'5 ma

[i -E3(Pm) 1 - =-(395 my)(0. 026) = 10 mv

!

17'. I-V Curve of Installed Solar Cell (Block AA).

Shift curve (Block W )along axis by AIi = -I. 5 rna and along voltage

axis by AE i = I0 my, or

13 = 4.8 maI = - I. 5 ma = I°

E 3 -6Z mvE= - I0 rnv = E °

21 t. Cell Operatin_ Current (Block EE).

From (Block AA) at E = 454 mv (Result of 20) determine
op

I = 23.Z ma
op

and
!

I =I N
sa op p

= (23.Z ma)(1050) = 24.4 amperes
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Z8'. Solar Plant Power Output (Block Pp).

! !

P =EI
S $ Sa

= (79.7 volts)(Z4.4 amp) = 775 watts
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APPENDIX B2

SAMPLE CALCULATIONS FOR THERMOELECTRIC SOURCES

This appendix contains sample calculations for a flat-plate solar

thermoelectric generator to be used for a 100-watt (el) Mars mission.

A. ELECTRICAL THERMAL CHARACTERISTICS PER COUPLE

The manufacturer's recommended values are:
t

Hot junction (Th) temperature = 473°K

Cold junction (Tc)temperature = 288°K

These values are used to obtain mean values between temperatures for the

1) Seebeck voltage (P element) $15 (Figure A2-1)

2) Seebeck voltage (N element) S N (Figure A2-2)

3) Electrical resistivity (P element) p_ (Figure A2-3)

4) Electrical resistivity (N element) PN (Figure A2-4)

5) Thermal conductivity (P element) K;, (Figure A2-5)

6) Thermal conductivity (N element) K_ (Figure A2-6)

following:

These values may be calculated from the representative integrals, or a

first order approximation may be made by obtaining 10 values between

Tc and T h and averaging them. For this calculation, the latter method was

employed, since input data was provided as approximate only. Results

of averaging are as follows:

S_ = 170 #-volts/°C

S_ = 150 _-volts/°C

The mean Seebeck voltage, per couple, is obtained by adding the two

Sm = Sp + S N = 300 _-volts/°C

*Refer to Figure 3-I! for Computation Flow Diagram
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Electrical resistivity of the elements comprising a couple are:

pp = I. 75 milliohms/cm

p_ = 0.73 milliohms/cm

and the respective mean values of thermal conductivity are

K_ = 0. 018 w/cm°C

K_ = 0.0Zl w/cm°C

Additional input from the manufacturer provides the following data on

thermoelectric element sizing

L = Lp = L N = 0. Z70 cm of length

-I

K 1 = 13. 5 cm length-to-cross section area of "p" element

From these data, the cross section area of the "p" element is

calculated

Lp 0.27 2
= = 0.0Z cm

_rp - K1 13. 5

Next, the figure of merit (O) is calculated

8
mean

Th+ T )S 2c m

+ 88) x  0-4)z
_-[ ]2z "V'(o.ols)(l.7__ IO-3)+ _o. o2.1)(o.73x 1o-3)

= 0. 377

From the figure of merit, the matching factor, Mo, can be determined

M
o
: (, + e)l/z = (l.377)I/z = i. 175
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Employing the matching factor, Mo, the temperature differential,

Seebeck voltage, the voltage per couple is calculated

and

Vc = (Th - Tc) S m

M
o

I+M
o

- (187)(3 x I0 -4)
I. 175

Z?T_

= 0. 030 volt/couple
i

A mathematical comparison between thermal conductivities and

electrical resistivities of the "n" and "p" elements permits a calculation

of the optimized "r" value. This is the balance of conversion within a

couple.

(0., / 021)(1.75 x 10 -3)

v; 018)(0.73 x 10 -3 ) = 1.67

The cross section area of the "p" element was calculated earlier;

with the value of "r" known, the cross section area of the "n" element is

c alculated

_P 0.02 2

¢N- - = 0 012 cmr 1.-67 "

While this value is not in complete agreement with the manufacturer's

listed area (0.010 cruZ), it is within the tolerance limits for manufacturer.

These elements are hot-pressed and sintered, resulting in a product which

is neither I00 percent density nor matching in size.

With both element cross section areas known as well as the pre-

viously determined electrical resistivities, "r" value and common element

length, then the internal resistance (Rci) of the couple may be calculated

L ( ) 0.27(17s_ lo-3+ 1 67_(0.73x I0-31
Rci- Cp PP + rPN = 0.0---'-2 "

= 0. 040 ohm/couple
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Knowing the couple voltage and resistance as well as the matching

factor, Mo, the couple current, Ic, may be determined as follows:

V
I = c 0.030
c R---TM---. = (0.040)(1. 175) = 0.638 amp/couple

C1 O

_fhe theoretical power/couple, Ptc' is then calculated from voltage and

current

Ptc : Vc Ic = (0. 030)(0. 638) = 0. 0191 watt (el)/couple

However, realistic power rating of a thermoelectric array must

inchde the contact resistance at hot and cold junctions of each element.

This resistance, usually provided by the manufacturer as a constant, is

designated R and is estimated at 5 percent of R . for this calculation
C Cl

R = 0.05R
c ci

= Z.5 x i0-3 ohm

but there are four contacts per couple; therefore, the total contact

resistance is 4 times R or 0.01 ohm/couple.
c

The resistance used to calculate the current and hence, theoretical

power, did not take into account the power loss due to load resistance,

Rlc

RI = Vc/i c 0.03c = _ = 0.047 ohm/couple

Power per couple may now be recalculated in a more realistic mannerp

incorporating the contact resistance and load resistance of a couple as

follows:

Plc = Ptc _R_c. + 4Rc " 0.0-4-7"7"0.610

= 0. 0157 watt (el )/ couple

On those thermoelectric generators containing a heat supply, such

as radioisotope, the thermal input to the couples may be adjusted to com-

ply with and therefore provide the electrical power in watts as calculated.
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However, solar power requires that a suitable collector surface be

provided in order to meet the required operating temperatures at hot and

cold junctions. Before this can be determined, an examination of the heat

flow through a couple must be made. This includes the Peltier-Thompson

effect, conducted heat, and Joulean heating.

1. Heat Input Per Couple

There are three ways that heat may be expended after entering a

couple:

a) Peltier-Thompson Effect on Hot Side

= (3 x 10 `4 ) (473)(0.638)= 0.091 watt/couple

b) Heat Conducted Throush Couple

Qch = L

c)

(187) [(0.02)(0. 018) + (0. 012)(0. 021)]

0. 270
= 0. 422 watt/couple

¢

Joulean Heatin$/Couple. In addition to the heat
introduced into a couple, a portion of the con-

verted electrical power is reconverted back to

heat by resistance through the couple.

Q. -_-

3

2
I R
c ci (0"638)2(0"040) = 8. 14 x 10 -3

2
watt/couple

The net heat input per couple may be calculated in the following

manne r"

Q I = Qpth + Qch + Qj

= 0.091 + 0.422 - 0.008 = 0. 505 watt/couple
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2. Heat Output Per Couple

The heat output per couple may be determined similarly.

the same three sources will emerge at the cold end of a couple.

a) Peltier-Thompson Effect-Gold Side:

Qptc = (Sm}(Tc}(Ic}

Heat from

= (3 x 10-4)(288)(0.638) = 0.055 watt/couple

b} Conducted Heat Per Couple. This value is the same
as that calculated for the conducted heat passing through

the hot end of the couple.

c}

Qch = 0.422 watt/couple

Joulean Heating Per Couple. This value is the same
as that calculated for Joule heat production at the hot

end of the couple.

Q. = 8.14 x 10 -3 watt/couple
J

Therefore, heat rejection, per couple, may be expressed as

Q2 = Qptc + Qch + Qj

= 0.055 + 0.422 + 0.008 = 0.485 watt/couple

Knowing the amount of heat entering a couple at the hot side and the

amount of heat leaving the cold side, the electrical conversion {theoretical

power/couple} is expressed as the difference between the two values

P
tc = Q1 - Q2

= O. 505 - 0.485 = 0.020 watt electrical/couple

This value of theoretical power per couple compares favorably with the

earlier calculation based upon electrical properties, within the limit of

accuracy of input data.

BZ-6



B. HEAT BALANCE AND PANEL DESIGN

The foregoing calculations have identified the electrical characteristics

one may expect from a thermoelectric couple, provided a certain hot and

cold temperature differential is established. Since the thermal energy

from the sun is to be used to power the flat-plate array, sufficient absorber

area must be provided if the required temperatures are to be met. It is

the purpose of the present calculations, therefore, to identify absorber/

radiator area.

Based on manufacturer's flat-plate design and recommended hot and

cold temperatures, the absorber temperature (Ta) and radiator tempera-

ture (Tr) are calculated as follows:

Manufacturer' s Input:

T h = 473°K

K 2 = 5°K

Manufacturer's Input:

T = 288°K
C

K 3 = 5°K

T a = T h + K 2

T = 473°K + 5°K = 478°K
a

T r = T c - K 3

T = 288°K - 5°K = Z83°K
r

Because the hypothetical mission is in Mars orbit, the solar intensity

at that distance will be less than at earth. We calculate Mars solar

intensity as follows:

Mission Input:

2
S = 0. 140 watt/crn

e

AU d = I. 667

_Refer to Figure 3-]Z for Computation Diagram
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S 2

Sd _ e 0. 140 watt/cm

(AU d) 2 = (1.667) 2

0. 050 watt/cm 2

Because not all the heat absorbed by the absorber surface travels

through the thermoelectrics, it is necessary to calculate that portion

which radiates directly from absorber to radiator. To do so, one deter-

mines the net heat flow from two reflectors: the underside of the absorber

and the inside of the radiator, as they face each other. Using the

r_anufacturer's data the net emissivity is calculated.

Manufacturer' s Input:

c :.= 0.04
al

= 0.04
Cri

l I
E ---- -- In 1 + 1 1 I +

E E O. 04 O. 04
ai ri

° 1
= 0.02

By employing the data obtained above and additional manufacturer's

input, we a_ttempt to calculate the required absorber area for the hot and

cold junction tempe_ratures assumed.

Manufacturer' s Input:

u
&

= 0.88

C = 0.04
a

0"sb = Stefan-Boltzmann Constant

A ..

Q2+IV c c

Sd_a" °'sb [ _ T 4 +ca a n (T4 - Tr_
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A
0.485 + O. 019

(0.05)(0.88) - 5.71 x 10-

18.67 cm2/couple

lZ [(o. 04)(4784 ) + 0, 02 (4784 - 2834)]

Having calculated the area necessary to collect the required thermal

energy for the couple, including internal losses, that portion which is

directed at, but not retained by, the absorber must be determined. This

loss is the reradiated heat and is calculated as follows:

= (18.67)(0.04)(5.71 x I0-12)(4784) = 0.222 watt (th)/ couple

Similarly, it is necessary to determine the amount of heat radiated

directly from the undersurface of the absorber to the inner surface of the

radiator. This heat does not pass through the couple and is essentially

wasted but must be accounted for.

Qtrc = _¢sb a n

= (5.71 x I0-12)(4784 - Z834)(18.67)(0.0Z) = 0.097 watt (th)/couple

By summation of heat losses and heat passage through the couple,

the net heat input per thermocouple module may be determined

Q
a

+
= Q I + Qrr Qtrc

= 0.446 + 0.222 + 0.097 = 0.765 watt (th)/couple module

It now becomes necessary to test the manufacturer's recommended

operating temperatures for the hot and cold junction of a couple. This may

be done by recalculating the radiator temperature (Tr,) first, and then

the cold junction temperature, as follows:

Electrical-Thermal Calculations:

1 = 0.638 amp

V = 0.030 volt
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Heat Balance and Panel Design:

2
A= 18.67 cm

S d = 0. 050 watt(th)/cm 2

Qrr = 0.2ZZ watt (th)/ couple

Manufacturer' s Input:

= 0.90
r

v = 0.88
a

Constant:

-12
_rsb = 5.71 x I0

4/AS u - Q - IV
-_I d a rr

Tr, = _/ .... Ai r 0-sb

= _(18. 67)(0. 05)(0. 88) - 0.222 - 0.019
(18.67)(0.9)(5.71 x I0 -12)

= 278°K radiator temperature (based on area)

From the adjusted radiator temperature, Tr,, the adjusted cold junction

temperature of the couple (T c) is obtained in the following manner:

Manufacturer' s Input:

K 3 = 5°K

W C , = Tr, + K 3

= 278 + 5 = 283°K cold junction temperature

(based on area value)

Comparing this cold junction temperature value with the manufac-

turer's recommended value, it is found that the manufacturer's value is

5°K too high. This means that the calculated power per couple

cannot be obtained with the initially chosen values of hot and cold junction

temperature. Therefore, an iterative calculation becomes necessary.

B2-10



The adjuste_i cold junction temperature of 238°K will be used, together

with the original value of the hot junction temperature, 473°IK.

In examining the 5-degree decrease in cold junction temperature

upon Seebeck voltage, thermal conductivity, and electrical resistivity, it

is found that no measurable change is required. The curves are not

accurate to more than 5 degrees differential; therefore, the originally

calculated terms will be retained.

S = 300 _-volts/°C
m

p_ = 1.75 milliohms/cm

p_ = 0.73 milliohm/cm

K_ = 0. 018 w/cm°C

K_ = 0.0Zl w/cm°C

This temperature correction does, however, result in a change in

the figure of merit, 9' = 0.374 as compared to the original 0.377.
mean

Similarly, the matching factor, M changes M' = 1. 172 as compared to an
o o

original 1.175. And, voltage per couple changes V' = 0.031 volt/couple,
C

as compared to an original 0.030 volt/couple. Because the thermal con-

ductivities and electrical resistivities did not change, the comparison
Z

factor, "r", will not change, r = 1.67 as before,and VN = 0.01Z cm as

before ("N" element diameter), and Rci = 0.040 ohm/couple as before

(internal resistance/couple);however, a change is expected in I c, the

current per couple, to I' = 0.659 amp/couple as compared to the original
C

0. 638 which results in a change in theoretical power/couple P
tc'

Ptc = 0.0204 watt (el)/ couple as compared to an original 0.0191. The load

resistance, RLc , does not change despite changes in voltage and current,

RLc = 0.047 ohm/couple as before. However, the load powe÷ per couple

Pi, c' will be expected to change, P' = 0 0168 watt (el)/ couple as com-Lc

pared to an original 0.0157.

Because all heat transfer calculations were predicated upon tempera-

tures, they will be expected to change. Peltier-Thompson effect on the hot

side will change to Q' 0.094 watt (th)/couple as compared to an original
pth
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0.091 and heat conducted through the couple, Qch' will increase to

Q' 0.433 watt (th)/couple as compared to an original 0.422. Likewise,ch

Joulean heating/couple is expected to increase as Q! 8.68 x 10 -3 watt (th)/
J

couple as compared to an original 8. 14 x 10 -3. These changes result in

' = 0. 518 watt (th)/couplean increase in QI' the net heat input to a couple Q1

as compared to an original 0.505. The net heat output per couple will

change, likewise. Peltier-Thompson effect at the cold side, Qptc changes

to Q' = 0.056 watt (th)/couple as compared to an original 0.055. There-
ptc

fore, the net heat rejection of a couple, Q2' may be recalculated Q_ = 0.498

watt(th)/couple as compared to an original 0.485.

Recalculating theoretical power from a heat balance, Ptc = 0.020

watt (el)/couple is obtained_which is the same as the original value and

agrees quite well with the recalculated theoretical power based upon current

and voltage. Having recalculated the electrical and thermal factors_based

upon the revised cold junction temperature, Tc, , the collector/radiator

area needed to supply heat for these conditions to prevail is recalculated

Qk + I' V'
c C

[ (Ta4SdUa - 0-sb c T 4 + c
a a n

498 + 0.02

(0.050)(0.88) - 5.71 x 10 -12 _0. 04)(478) 4 + (0.02)[(478) 4 - (278)4])

= 19. 18 cm2/couple module compared to 18.67 originally.

Using a revised collector] radiator area, the reradiated heat from

this surface is recalculated as Q' = 0.2-28 watt (th)/couple as compared
rr

to an original O. 22g. Similarly, the internal radiative heat loss will be

expected to increahe to Q' = 0 101 watt (th)/couple as compared to 0 097trc "

originally. The revised net heat input to a couple module may then be

recalculated

Q, = Q, Q,O w. + +
a rr trc

= 0.518 + 0.228+ 0.101 = 0.847 watt(th)/couple

as compared to the original O. 765.
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Finally, to test the validity of the calculations based upon the revised

cold junction temperature value, radiator temperature as a function

of collector/radiator area is recalculated:

'A'Sd u - O' - I'V'a rr

Tr' = A' _r _rsb

: _/(19.18)(0. 05)(0. 88) - o. zz8 - o. oz
(19. 18)(0.9)(5.71 x 10 -12 )

= 278.7°K radiator temperature

This value compares very favorably with the value calculated over the

one assumed originally, being less than 1 degree different. Therefore,

the system may be considered to be in thermodynamic balance and all

power values are valid for temperatures employed.

It is now possible to return to the computational flow diagram and

calculate the thermal efficiency of the couple module defined above.

Iteration:

I' = 0. 659 amp
c

V' = 0. 031 volt
c

2
A m = 19. i8 cm

Mission:

2

S d = 0.050 w/cm

I _ V t
c c (0. 659)(0. 031)

Nth = _ = (0.05)(19. 18)

= 2. 1 percent conversion efficiency at Mars orbit distance

I
Since all parameters governing the sizing of the flat-plate array have

been defined, weight and dimension can be discussed. The flat-plate

module is composed of five separate components whose weights will be

determined individually.

B2-13



Manufacturer' s Input:

K 4 = 0. 0079 g/cm 2

2
K 5 = 0. 043 g/cm

K = 0. 0079 g/cm 2
r

a) Absorber weight/cguple (Wac):

Wac-- (A)(K4)

b)

= (19. 18)(0. 0079) = 0. 152 gram/couple

Structural weight/couple (Wsc):

Wsc = (A)(K5)

c)

= (19.18)(0. 043) = 0. 825 gram/couple

Radiator weight/couple (Wrc):

Wrc = (A)(Kr)

= (19. 18)(0. 0079) = 0. 152 gram/couple

Although expressions have been developed for calculating the weights

of the "N" and "P" elements from their dimensions and relative densities,

this method will not be used here. Since the manufacturer has not pro-

vided density data, his value for the weight of a couple as given will be

used. Therefore, W N + Wp = 0.026 gram/couple (including shoes). The

modular weight (Wmc), per couple, may then be calculated as follows:

Mission:

Pd = 100 w(el)

W =W +W +W +WN+W
mc ac sc p rc

= O. 152 ÷ 0.825 + 0.026 + O. 152

= 1. 155 gram/couple module
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The modular enlargement factor, N1, is next determined.

Heat Balance and Pane]. Design:

P'lc = 0.0168
w/cple

Pd

N 1 = p,
lc

100
0.0168 = 6000 {the number of couples required

to provide 100 w(el).

If the enlargement factor is applied to the modular weight,

couple, the modular weight of the panel, W is obtained.
m

W - (NI)(Wm [TIC )

per

= {6000) (1. 155) = 6930 grams

However, in order for the panel to be folded during launch and to

unfold and orient during the mission, support structure is needed. This

equipment has been estimated (by the manufacturer) to be 1.36 times the

weight of the panel it must support. Therefore, where the modular sup-

port weight equals W
ms

Manufacturer's Input:

K 6 = i. 36

Wms = (K6) (Win)

= (1.36) (6930) = 9425 grams

The array is composed of the panel plus the support structure. Its weight

is calculated to be

W =W +W
a m ms

W = (6930) + (9.425) = 16,355 grams (or) 16. 36 kilograms
a

The array area A is composed of the active area of the collector plates,
a

plus dead space between plates that is not used for energy collection but is

part of the support structure.
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Manufacture r' s Input:

K = 1.01
a

Aa -- (Ks) (N 1) (A)

= (l.01) (6000) (19.18) =
2

116,230 cm = 11.62 meter2/array-

C. MISSION INFLUENCE ON PANEL OVERSIZING

The array developed in the preceding parts of this appendix provides

a power supply of a size and weight that, without degradation, will provide

the required 100 watts (el) for the Mars mission. However, environmental

factors have been shown to adversely affect the longevity and power level

of thermoelectric elements, particularly the "P" legs. In this part of the

appendix, such degradation factors as the following will be factored into

the sizing:
I

i)

z)

4)

In addition,

power.

Thrusting shock and vibration

Steady-- state operation

: Recycling after short-term steady-state operation

Recycling after long-term steady-state operation.

pointing accuracy will be considered as a factor affecting

For this study, the conditions of a Mars mission will be assumed:

1) Liquid propellent launching

Z) Minimal number earth orbits before escape trajectory
introduced

3) 210 days travel time, Earth-Mars

4) Five months in Mars orbit (100 orbits total)

5) 100 watts (el) required at end of life.

The degradation effects will be taken in chronological order:

1) .Sh°ck and Vibration Damage (Dr) Due to Thrusting. Based
upon limited testing under development contract, the thermo-
electric module manufacturer has indicated that the effect

will be low, provided the folded module is properly positioned

within the shroud. He expects a 3 percent degradation in

power from thrusting breakage, based upon his testing. D t =
1 - 0.03 = 0.97 thrusting factor.

Refer to Figure 3-13 for Computation Flow Diagram
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2) Steady-State Degradation Loss (D ) (Figure A2-7). During ......
• .SS

the entire active life of the mission, the thermocouples will
be subjected to operational loss that is a function of time at

temperature. This phenomenon has been observed by all

users of thermocouples and must be assumed to occur here,

although no manufacturer input is available for this study.

Therefore, the degradation value has been assumed to be

2 percent/1000 hours of operation, and a graph has been

plotted to reflect this effect.

Mission Input:

Earth-Mars time, 5040 hours

Using the steady-state degradation curve, for the interplane-

tary flight time, results in: D = 0.94 steady-state degrada-
SStion factor.

3) Re__clin_ after Short-Term (1000 Hours) Steady-State Opera-
tion (Drtl)(Figure A2-8). Because the Earth-Mars mission

will take longer than 1000 hours, this degradation effect will

not manifest itself. However, it has been included to permit
the user flexibility in assessing the flat-plate solar thermo-

electric generator for any mission.

4) Recyclin_ after Lone-Term (_-1000 Hours) Steady-State
Operation (Drml) (Figure A2-9). This form of degradation

will be introduced into the hypothetical Mars mission since

with 210 days (5040 hours) interplanetary travel time, the

generator will operate "full time," then go into a Mars orbit.

During orbit, thermal cycling will occur between light and

dark time. The appropriate graph in the appendix may be

employed to obtain the degradation anticipated after Mars

orbit is completed. Since Mars orbiting will take place dur-

ing five months (1000 orbits), degradation will be cumulative.
The thermoelectric manufacturer has indicated that thermal

cycling after more than 1000 hours steady-state would be con-

siderably more injurious than cycling after fewer hours of

steady-state operation. However, no experimental data is
available to describe the effect. For that reason, an esti-

mated 4 percent power decrease per 100 cycles has been used

for the plot. The degradation effect may then be approximated
as follows:

Mission Input:

1000 c__rcle s

Drm I = 0.66 (from graph)

In the foregoing calculations of thermoelectric power from solar heat,

it was assumed that the panel would be oriented normal to the sun and

able to take advantage of solar density at a given distance. This may not

actually be achievable; however, in assessing pointing angle error it is
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assumed that Orbiting Geophysical Observatory (OGO) accuracy is valid.

Here, the net error will not exceed±5 degrees. Using the reduction in

power as the cosine of the error angle, a curve has been plotted expressing

the pointing accuracy (Ppa) correction factor in the following manner:

P = I - cos F.
pa

OGO Input:

F = +5 degrees

From the curve (Figure A2-10) we find that a 5-degree error would give

the following pointing accuracy factor: P = 0.996 (from graph). So long
pa

as the pointing error is kept to less than 10 degrees, the error value is

within the limit of the solar density and therefore negligible.

The array enlargement factor (N2) is a summation of all mission

degradations as they collectively affect the enlargement of the flat-plate

generator to meet mission requirements. It may be expressed as follows:

1

N 2 = (Dt)(Dss)(Drm l) (Ppa)

(0.97) (0.94) (0.66) (0. 996)

= 1. 668 array enlargement factor for mission

The flat-plate generator may now be enlarged in order to provide for the

corrected array area (Aca) and the corrected array weight (Wca) connected

with the mission as follows:

Heat Balance and Panel Design:

A
a

2
= 11.62 meters

Aca = (N2)(Aa)

= (1. 668)(I I.62) = 19.37 meters 2 (208.4 ft2)

Heat Balance and Panel Design:

W = 16.36 kilograms
a

W = (Nz)(Wa) = (1.668)(16.36) = 27.28 kilograms (60. 15 lb)ca
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The foregoing sizing will deliver 100 watts(el) at end of mission and is,

therefore, capable of providing considerably more power at any time prior

to end of mission. The greatest power capability of the generator would

be immediately after launch. This value may be calculated as follows

where Pelequals power after earth launch:

Pel = (N2)(Pd )(Dt)(Ppa)

Pel = (I. 668)(100)(0.97)(0. 996)

Pel = 161. 15 watts (el)

The panel a_ea has been designed to operate at hot and cold temperatures

compatible with a solar density observable at I. 667 AU distance from the

Sun (Mars). If design power is to be provided at any time (t) where the

spacecraft is at less than 1,667 AU, then a tilt must be introduced to the

panel orientation with the sun to provide O. 050 watts(th)/cm 2 at all times.

To obtain the correction tilt, 4,

Mission Input:

AU x = 1 AU

AU d = 1.667 AU

Cos _ =

Cos _ :

the following calculation is made:

AUxI2 ,

I l'- :o. ooo
51.3 degrees of tilt to the sun required

Therefore, if one is to obtain power at earth orbit, or just after earth

launch as hypothesized above, an inclination of 51.3 degrees from normal

is required to obtain Pel 161. 15 watts(el). It is possible to obtain greater

power than this value; however, to do so requires that less inclination be

employed. This would increase the hot junction temperature and introduce

a new set of thermoelectric characteristics into the calculation. Therefore,

power would not be predictable.
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APPENDIX B3

SAMPLE CALCULATIONS FOR SOLAR THERMIONIC SOURCES

For this computation, the following assumptions are made concerning

input requirements:

• PL = 500 watts (including source heater and control

power and boost regulator losses). In computing PL

add a minimum of 10 minutes to the length of eclipse

for warm up time.

• Mars orbit; therefore, the designAU is 1.67 AU

• Maximum orientation error of 6 minutes

• Maximum active projected area of concentrator

corresponds to 9-foot mirror

• Maximum percent shadowing of active concentrator
projected area,_ 5 percent

• Steady-state emitter temperature, 1900°K

• Design life, 1 year

The functions required for inputs to the program can now be gener-

ated, using the data given in Appendix A3 and described in the blocks

shown in Figure 3-Z4 in the body of the report.

Function A

R = 0.78 (assumed)

Function B

nd/ndo = 0.9 - 0.01 x Z = 0.88 (corrected from ]_700 to 1900°K)

Function C

ndo = 0.082 at 1900°K

Function D

6

4_e = TS"?q"Z_7_ = 0.6ZI at 1900°K



at 1900°K and _be = 0. 621, the concentrator-absorber efficiency
is extrapolated

(0. 74 - 0. 621)

nca = 0.523 +.(0.74 0.37) x 0.015

0. 119
= 0.523 +_x0.015

n
ca

Other inputs _-

= 0. 523 + 0. 005

= 0.5Z8

n = I - 0.05 = 0.95
S

Sd_ 130 = 46.6 watts/ft 2
I. 672

92
A x_=cm = _ 63.5 ft2

The first computation is

ndo x (nd/ndo) x nca x ns x S d x R

= 0.082 x 0.88 x 0.528 x0. 95 x46.6x 0.78 = 1.3Z watts/ft 2

The total area required is then

PL watts 500
ft2

AT = I. 3Z watts/ft z = _ =
3 79

Th_ number of concentrators can now be determined.

AT 379
N _-"
c _----- = _?-_ = 5.97

cm

The nearest greater integer is 6.0, therefore

I =6"0 1N c
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The actual concentrator area is then,

f jA = -- 379
c N = --6-"= 63. 1 ft2

C

This area corresponds to a concentrator having an active diameter

of D where

D = _/63. Trlx4 _ A/80.3 = 8.86 ft

This would be the minimum number of concentrators and the minimum

area of concentrator that would meet the power requirements. The actual

choice would probably be six 9-foot mirrors if the 9-foot mirror was al-

ready available.

The initial capability of the thermionic source would be

5OO
Pci = _ = 568 watts

The initial capability of the generators is then

568 !Pci = Pci/Nc = "-6-- = 96.5 watts

The weight of the generator can be computed from Function E. A

Curve for 1900°K must first be generated. At 2000°K and 172 watts, the

generator would weight 9.0 pounds. At the same power rating at 1900°K,

the weight of the generator would be increased by the ratio of the initial

connecter efficiency ndo at 2000°K to that at 1900°K as obtained from

Function C. Therefore

172. watts
W at

a 1900OK

0. ii
= 9.0 x O-?-g-g_ = 12. I pounds

%

Since the weight varies as the 1.5 power of P., the weight of thecl

generator would then be

96.5 watts /96.5 _1.5
W at = 12. 13 x \-'['9_] = 5. 1pounds

a 1900OK
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r The weight of the electroformed nickel concentrator is obtained

from Function F

63. 1)1 1/6W = 19.7 x = 19.7 x 3. 71 = 73. 1 poundsc

The concentrator-generator unit weight is then

W a + W c = 5. I + 73. I = 78. Z pounds

D

The total concentrator-generator weight is then

Nc(W a + Wc) = 6 x 78. Z = 468 pounds

The structure weight required from the concentrator-generator units is

found from Function H to be

D

W = 468 x 0.51+ 7 = 238 + 7 = 245 pounds
S

Therefore, the total source weight is

W T = Nc(W a + Wc) + Ws = 468 + 245 = 713 pounds

or

rounded off = 1710 pounds]

The stowage volume of each concentrator-generator unit is found

from Function G to be

V = 17.9x /63"IhI'5
c k_] = 17. 9 x 5.41 = 97.0 ft3

The total stowage volume of concentrator-generator units is then

N xV = 6 x 97.0 = 581 ft 3
C C

to be

The stowage volume of the structure is found from Function I

V = 581x 0.5 = Zgl ft3
S
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Therefore, the total stowage volume of the source is now:

VT = Nc x V +Vc s =581+291 =1872 ft31

The program output information is indicated by the figures enclosed

in squares.

The actual power available to the system, including source electrical

controls and losses in a boost regulator, is found by subtracting 5 watts

(1 watt for each converter) for each generator from the total load power.

This figure is then 500m6 x 5 = 470 watts.

This power would be available at voltages of 3, 6, 9, and 15 volts,

depending on the series-parallel arrangement chosen for interconnecting

the generators.
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APPENDIX B4

SAMPLE CALCULATIONS FOR SOLAR DYNAMIC POWER PLANTS

A s sumptions Computations

P1) = 1.0 kw
max

(P1)m = 0" 5kwin

F =0.9
C

T = 1060°R
c

T h = 1560°R

Letter designations

A._ Load Variation

AP1 = (Pl)max" (P1)min =
1.0 - 0.5 = 0.5kw

B. Control Power

P = 0.025 kw
C

C. Generator Output

Pe =(Pl)max + Pc = I.0+ 0. 025 = 1.025 kw

D. Generator Input

P = P /_g= 1.025/0.85= 1.21 kwg e

E. Accessories Power

P = 0.93 kw
acc

F. Turbine Output

Pt= P + P = 1.21 + 0.93 = 2.14 kw
g acc .

G. Fluid Subcoolin_ Heat Re_ection

Pfsc = 0. 12 kw

H. Thermal Efficiency

nth = F - = (0.9)(1 - 106011560) = 0. Z9C

m this appendix correspond to computation
blocks in Figure 3-26.
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A ssumptions

_t = 0.45

AU = 1.0 (300 mi

earth orbit)

= 30 rain

R =0.9
m

= 15 rain

#s = 3Z min

O = 50 deg

Computations

I. Boiler Output

Pt

Pb- _]t_]th + Pfsc " (Pg - Pe )

Z. 14
= +0.12 -
(0.45)(0.z9)

(i.21 - 1.oz5)

= 16.4+0.12 - 1.21+ 1.0Z5 = 16.3 kw

3. Estimated Concentrator Diameter

Dme/AU = 18 ft/AU

3A.

D = 18 ft
me

K.

D m = Dine = 18 £t

L. Collection Efficiency

Angular surface error = _/#s = 30/32 = 0.94

Orientation error = i_/#s = 15/32 = 0.47

Nca = 0. 76 at Dc/D s = 9

M. Aperture Diameter

De = _ Z sin e r ...........

- {9){18 tan 16 rain (1 + cos 50 deg)/(Z sin 50 deg)

= (9)(18)(0. 00465)(1. 643)/(Z)(0. 766) = 0.81 it
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As sumptions Computations

= 1.0
c

T = 1560°R
ac

(avr. during eclipse)

-12
= 0. 507 x I0

kw/ft 2 °R4

t = 0. 582 hr
e

t = 1.0hr
s

C = 0. 557 x 10 -3
P

(ATes)

Whd

Hfe s

K
es

Pes

N.

P
re

Power Loss During Eclipse

= I/4 E _D ZT4
C C ac

= (0.25)(0.507 x 10-1Z)(_)(0.81)Z(1560) 4

= 1.56 kw

O. Energy Storage Input Power

P
es

t
e

=}-- (Pb + Pre ) = 0.582 (16.3 + 1.56)= 10.4kw
S

P. Sensible Heat Addition

_T
es

kw=hr/lb°F

= 350°F

l-s s = Cp(ATs)I_s = (0.557x 10-5)(350)_Hte

= 0. 195 kw-hr/lb

= I0 percent

additional

= O. 322 kw-hr/Ib

-3
= 0.69 x 10

kw/ft z OF/ft

= 40 Ib/ft 3

= 200°F

Q. Energy Storage Material Weight

P t
es s

W = + AHte + Whdes Hfe s s
[( lO. 4)(I. 0) ]

= '. lLo.322 + O. 195 A

=2Z. 1 lb

R. Energy Storage Surface Area

es

=- /_ (16.3)(22. I)

V,o iV  oii oo)
pb w

A = es

es KesPes T

= 8.05 ft z
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As sumptions Computations

A= 1.5

C = 0. 13 kw/ft 2
S

S. Absorber Diameter

/(2)(8.05)= es -V 3. 14 =
Da _ -

T. Solar Input

Pb + Pes 16.3 + 10.4
p -

s ']ca 0.76

U.

D
mc

5__1.13 = 2.25 ft

- 35.1 kw

Calculated Concentrator Diameter

----]4P (ADa) _,/(4)(35.1) 5,(2 25 2

: 3/344 + 11.5 = _6"- : 18.9 ft

V. Begin Iteration

Dmc 4= D m, 18.9 _ 18.0

mc 1 O' 18.9 ¢ 18.0

M. Aperture Diameter

D c = (9)(18. 9)(0.00465)(1. 643)/(2)(0. 766)

= 0.85 ft

N. Power Loss Durin G Eclipse

(.)(0. 85)2(1560) 4P = (0.25)(0.507 x i([12
re

= 1. 74 kw

r

Enersy Storase Input Power

= 0.58Z(16.3 + 1.73) = 0.582

(18.0) = i0.5 kw

O,

P
es
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As sumptions

Q.

W
es

No

A
es

Computations

Energy Storage Material Weight

: 1.] io.5)(i.o)i
L 0517 j :223Ib

Energy Storage Surface Area

:V (16.3)(22.3) :_/65.6: 8. I ft2
(0.69 x 10-3)(40)(200

S. Absorber Diameter

V(2){8. - _ 16 : 2. 27 ft
I)

D a -- x •

T. Solar Input

16.3 + I0.5 26.8
P = - - 35.3 kw

s 0.76 0.76

U. Calculated Concentrator Diameter

V (4)(35.3)
Dmc= (v) (0. 13) + [(I.5)(z.28)]z

: V346 + 12 = _ = 18. 9 ft

V. Comparison of calculated concentrator

diameter with previous calculation

(Dmc)n:2 = 18"9 (Dmc) n:l = 18"9

D = Concentrator Diameter = [18.9 f_
m

D = Absorber Diameter = [ 2.3 ft]
a
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E
As sumptions

= 0. 75 (single-side_r
radiation)

= 0.09£
r

T = 960 °
sc

Computations

W. Focal Length

D (l+cosO r) [ ]f = m 1S. 9(1.643) ] l ft
4 sin O r = 4(0. 766) = 10

X.

AA.

BB.

CC.

DD.

FF.

Concentrator Depth

H = D 2/16 f = (20)2/(16)(10.7)
m m

Condenser Heat Rejection/Unit Area

4
(P/A)rc = ,]re rCTc

= (0. 75)(0.9)(0.507 x 10-12)(1060) 4

= 0.44 kw/ft 2

Subcooler Heat Rejection

Prsc=Pfsc +Pacc =0. 12+0.93= 1.05kw

Condenser Heat Rejection

P =Pb - P - P = 16.3rc g rsc 1.21 - 1.05

= 14. 0 kw

Condenser Area

= Prc/(P/A)r c 14.0/0 44 =131 8 ft2]Arc = . .

Subcooler Heat Rejection/Unit Area

4
(P/A) = rlre gTrsc r sc

= (0. 75)(0. 9)(0. 507 x 10-1z)(960) 4

: O. Z9 kw/ft 2
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Assumptions

K = 1. 0 lb/ft 2
wl"

K = 0.25 Ib/ft 2
wm

Computations

GG. Subcooler Area

= P /(P/A)Arsc rsc rsc = 1.05/0.29 = [3.6 ft2]

EE. Condenser Weight

W = K A =(I.0)(31.8) = 31.8 Ib
rc wr rc

HH. Subcooler Weight

W = K A = (1.0)(3.6) = 3.6 lb
rsc wr rsc

II. Rotating Unit Weight

W = 31.5 lb
ru

JJ. Concentrator Weight

W m = Kwm Ps/Cs = (0.25)(35.3)/0. 13 = 68 Ib

KK. Absorber - Boiler Weight

Wab = 55 lb

LL. Heat Storage Unit Weight

W = 32 lb
aes

MM. Absorber-Heat Storage Unit Weight

Wah s = Wab + W = 55 + 32 = 87 lbaes

NN. Fluid Inventory Weight

Wf = 9 lb
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As s umptions Computations

OO.

W
C

Y.

PP.

U

W
S8

Z°

W
ps

Control Weight

= 60 Ib

Total Weight of Units

= W + W + W + W + Wah src rsc ru m

= 32 + 4 + 32 + 68 + 87 + 9 + 60 = 292 ib

Support Structure Weisht

= 45 Ib

Power Supply Weight

= _-_Vu+ Wss = 292 +45 = [3371b I

+ Wf + W c

PRELIMINARY POWER PLANT CONFIGURATION ANALYSIS

Based on the above sample calculation, a preliminary 1-kw power

plant configuration is depicted in Figure B4-1. Since specific vehicle

dimensions constitute a major constraint in determination of stowed and

deployed power plant configurations, this figure serves only to illustrate

application of the dimensional criteria resulting from the design

computation.
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*APPENDIX B5

SAMPLE CALCULATIONS FOR INVERTERS

Problem: Determine the weight, volume, and heat dissipation of a

400-cps, single-phase, regulated inverter (Type IA), given the following:

P = 133 watts
r

P = 133 watts and 100 watts

E = 26.5 volts

I .

F = 0.25 ib/watt
w

Weight as a Function of Efficiency (Block A)

Input

P = 133 watts
r

Inverter Type LA

Computation:

P
r

W
-S+

T

whe re

results in the following:

)X(Pr (from Figure A9-1)

V
x=U+

I - 11o

P
r W

no W (Ib)
(watts/Ib)

0.5 15.5 8.6

O. 6 13.0 I0. Z

0.65 II.5 II. 6

0.7 9.6 13.9

O. 75 7. 5 17.7

0.8 5.2 25.6

0.9 0. 835 159.0

',_¢ " • ., m

Block letters cited in this appendix correspond to computation blocks
in Figure 5-4.
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Optimum Efficienc}r (Block F)

Equation (Block E)

W !

1 - Do
- W + --------- P F

T]o r w

and

F = 0. Z5 lb/watt
W

modifies results of Step 1 and results in the following:

i - TlO W'

0.5 1.0

0.6 0.67

0. 65 0.54

0.7 0.43

0.75 0. 33

0.8 0.25

0.9 0. III

41.9

32.5

29. 6

28.2 (optimum)

28.7

33.9

162.7

.

.

Therefore

f

!

T]o (Wmin) = 0.7 and W' = Z8. Z Ib

Inverter Weight (Block A)

With 11o (W'min) = 0.7, the inverter weight using Function A is

w. =1i4.3 113I
1

Inverter Volume (Block B)

With _]o (W' . ) = 0.7; W. = 14.3 lb"mln 1 '

equation

P = 133 watts and using
r
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.

,

.

N

(from Figure A9-2)

-0. 012

= 0. 05 "_[_-_) = 0.58 Ib/in 3

and the volume results in

14.31b _ I248cu in I
Vi = O. 0538 lb/in 3

Rated Input Current (Block C)

With T]o(W' in) = 0.7; P = 133 watts and E = 26.5 voltsm r

P

I(Pr) _ :

Load Ratio Factor (Block O)

133 [ t(0.3)(Z6.5) = 7. Z amperes

WmWith 11o ( in) = 0.7; Pr = 133 watts and P = I00 watts

P 100
R L - p = T_ : 0"75

r

and

1 - R L

= + R L

log- 1 log 1

i - 0.75

Input Current (Block G)

at

(from Figure A9-3)

+0.75
0. 68

P :. I00 watts

I(P) = (0. 7784)(7.2 amp) = 5. 6 amperes
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. Heat Dissipation (Block I)

Q. =
1

at 133 watts

at 100 watts

Q°

1
= (26.5 volts)(7. Z amp) -

= 191 watts- 133 watts =

133 watts

158 watt s_

0 Efficiency

Q.

1
= (26.5 volts) (5.6 amp) - 133 watts

watts - 100 watts = 149 wattsl149
!

at 133 watts

at 100 watts

133 --Io.70J= (7.z)(z6.5)

_ loo [ [(5.6)(26. 5) = 0. 67
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APPENDIX C

CURRENT-VOLTAGE RELATIONSHIPS ANTICIPATED FOR

A SOLAR FLAT-PLATE THERMOELECTRIC MODULE

Current and voltage derived from thermoelectrics may be anticipated

only if the system is in thermodynamic equilibrium. Any environmental

changes tending to cool or heat the radiator rapidly would result in subse-

quent increases or decreases in output characteristics. Such conditions

would prevail during a planetary orbit, where sudden darkness or sunlight

would be experienced. Similarly, a single current-voltage curve would be

inadequate for a mission where grossly changing solar input would be ex-

perienced, unless, as we have shown, a means is employed to provide

constant O to the panel by correction tilting of the vehicle panel.

As shown in Figure C-l, for a hypothetical earth orbit, the designed

operating point, T 1, would provide a given current and voltage to meet a

required power level. If the load becomes such as to short circuit the

generator and voltage approaches zero, the current profile tends to flatten,

delivering'less than might be expected. This is due to cooling at the hot

junction. Similarly, when tile load current approaches zero, the voltage

(approaching open circuit) increases from a decrease in Peltier cooling

on the hot side, delivering greater than anticipated voltage.

The importance of the curve lies in the fact that temporary changes

in hot side temperature (due to load change) do not materially affect the

panel output. If the panel should receive an increased (or decreased) Q

input either from misorientation or off-course geometry, then the current-

voltage relationship would follow a curve paralleling that shown in the

figure.

For example, a design will be obtained for a particular solar input

and a hot junction temperature value. Earth orbit will be used.

Then

S = 0. 140 w/cm

T = 475°K
I

T_ = 480°K

C-I



The constants of the couple are
&

K : Z x 10 -3 w/°K

R = 0. 0484 r

S : 342 x 10 -6 v/°K
m

The collector emissivity c 1 = 0.04.

The collector to radiator emissivity c = 0.04.
n

The radiator emissivity • : 0.9
z

Assumizlg a cold junction temperature of T 2

Then solving for area per couple

= Z90°K, T_ : 285 K.

A :.

0. 595 (190 x 342 x 10 -6 ) + i x 0. 185 + 0.006

0.88 x 0. 140 - 5. 71 (0.08 x 5.3 x I0 I0 - 0.04 x 0.60 x I0 I0}

-lZ
xlO

0.079 ,-0.37 + 0.006

0. I

Z
4. 55 cm

Solving for a revised T_

55 x 0. 123 - 4. 55 x 5.3 x 5. 71 x 4 x 10 -4 - 0.0Z0

-12
0.9 x 4.55 x 5.71 x 10

: Zl4°K

Then

0 =
Ill

M =
o

V =

i :

Vi =

AT =

T :

0.43Z

1.2

0.0345 volt

0. 595 amp

10. 5 mw

185°K

382°K
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!

Using this value for T 2, T 2 = 220°K

AT = 2?0°K

0 = 0.402
m

M =1.19
O

V = 0. 0503 v

i = 0. 873 a

P = 0. 044 w

D Then a new area will be calculated

AI_ -

0.873 (220 x 342 x 10 -6 + 0.05) + 2 x 0.270 + 0.018

0. 123 - 5. 71 x I0-12 (0.08 x 5.3 x I0 I0 - 0.04 x 0.215 x I0 I0)

D

0.873 x 0. 125 + 0.54 + 0.018

0. 123 - 0. 024

_ • _ 2.A' 0 667 6. 75 cm
0. 099

Checking T). for this area

75 x 0. 123 - 6. 75 x 5.3 x 5.71 x 4 x I0 -4 - 0.044

-12
6.75 x0.9 x 5.71 x 10 ?

= 4_/0"

= 213°K

which is only Z°K low,

which_ 213°K.

83 - 0.082 - 0.044

10
0. 348 x 10

so the area should be correct as well as Th

If the electrical operating point were changed, a problem to

encounter woukd be the resulting equilibrium temperature and operating

point. In considering the two possible extremes, short circuit and open

circuit, a relationship is required to handle the balance. From previous

work
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A( l - ' 4 + A6c ' 4 ' 4)r)S = A6ClT1 n(T1 - T 2

1
+ K(T 1 - T 2) + i(TzS m + V) +_iZR

A6(_n + _I)TI4 + KTI = A(I - r)S + A6_nT 2' 4

. 1
+ KT 2 i{T2S m + V) - _iaR

!

Assuming T 2 is constant, a new T' I can be found for each i and V.

the values obtained previously

U sing

6.75x 5.71 x 0.08x 10- 12 T, 14 + 2 x 10 -3 T 1

= 6. 75 x 0. 123 + 2 x 10 -3 x 218 + 6. 75 x 5. 71 x 10 -12 x0.04

x 2. 134 08x 1 - i (218 x 342 x 10

0.308 x I0-Ii ,
T 1

4 + 2 x 10 -3 T

-6
+ V + 0. 0242i)

= 0.83 + 0. 432 + 0. 003 + i(0. 0745 + V + 0. 0242i)

When i = O,

Therefore,

temperature

= I. 265 + i(0. 0745 _-V + 0. 0242i)

!

solve for T I, T I, assume

!

T 1 = 525°K

T = 520°K
1

0. 308 x I0-II i010x 7.6 x + 2 x 0.520 = 1.265

that T 1

0.234 + 1.040 = 1. 274 _1.265 watts (th)

= 520°K is a fair approximation for T 1. At this

V
OC

= 342 x 10 -6 x 302

=0. I03 V
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When V = O,

Then

O. 308 x 10

Assume

assume
&

-11 ' 4 + 2.
T 1

O. 252 x O. 342
0. 0484

1. 78 amps

x 10
-3

T = 1. 265
1

- 1. 78 (0. 0745 + 1. 78 x O. 0242)

1. 265 - O. 216

1.049 watts (th)

1

T I = 480°K

TI = 475°K '

10 -11
5.3 x 10 x 0.308 x 10 + 2 x 0.475 = 1.049

O. 163 ÷ 0.95 = 1.049

Assume

1. 113 _t 1.049 watts (th)

T' = 475°K
I

T = 470°K
1

10105. 1 x x 0. 308 x 10-11 + 0.940 = 1.049

As surne

!

T 1 = 470°K

T 1 = 465°K

1.097 _ 1.049 watts (th)

10 -11
4. 89 x 10 x 0.308 x 10 ÷ 0.930 = 1.049

O. 151 + 0.930 = 1.049

1.081 _ 1.049 watts (th)
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( A5 surlle.

' = 460°K
T I

T = 455°K
I

0.449 x 0.308 + 0.910 = 1.049

for the T

0. 138 + 0.910 = 1.048_ 1.049

i 237 x 342 10-6
sc = 0.0484 x = 1.68 amps

LU

LLI
Ct.

.<

Z
i.l,J

t,w

U

This solution is an approximation but should be close. The I-V data

o o.o5 0. IO

VOLTAGE, VOLTS

]£igure C-I. I-V Curve, Flatoplate Solar Thermoelectrics for 1;]arth Orbit
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APPENDIX D

A STUDY OF THE ELECTRO-THERMAL BEHAVIOR

OF A THERMIONIC CONVERTER

The problem is to determine the effects and interrelationships of the

electrical-thermal operating points for a solar-powered thermionic con-

verter. The total thermal input to each diode emitter is"

Q.

in

(z)

(1) _A

= i(¢e + V + 2kTe) + a c T 4
n e

(3) (4)

(s)

+(K
cs

T c

+ K s ) (I7 e - Tc), i2R internal to diode is neglected (l)

The first term (1) is the electron cooling term where

i = the current

qbe = emitter work function

k = the Boltzmann constant (8. 616 x 10 -5 ev/°K)

T e = the emitter temperature (OK)

V = diode voltage.

The second term (Z) is the heat reradiated from the aperture of the

obsorber cavity per diode where

0- -_

a

c

i

the Stefan-:Boltzmann constant (5.67 x lO-

the aperture area (cm")

12 watt/cm 2 (OK)4)

the effective emissivity of the absorber cavity

the number of diodes.

The third term (3) is the radiative heat transfer between emitter and

collector where
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= the effective emissivity of the elements
n

-±÷±-I
E E
e c

A = the emitter area (cm z)
c

T = the collector temperature (°K).
c

The fourth term (4) is the radiative heat transfer between structure

elements where c A is the product of effective emissivity and area.
s s

The fifth term (5) is the conductive heat transfer through the cesium

gas and structure between emitter and collector where

K
cs

K
S

= the total thermal conductivity of the cesium plasma

= the total thermal conductivity of the structure.

The radiative heattransfer or "dump" from the collector to space is

given by

4
erA e T ' (2)

C C C

whe re

area.

A
c c

is the effective product of the emissivity and collector-radiator

Consider the energy balance for each diode as shown in Figure D-I.

Vi

QRERADIATED-- EMI f___,,_IECTORTTER I COhL

QIN = I_DIODE_ = QDUMPED

T T
e c

Figure D-1. Energy Flow Diagram
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In equation form, this is

4
_Ac T

c C C

A (
a c 4

-- --Qin iV - _ _ Tn c

Substituting Equation (1) for Qin

4
gA E T = i(@

C C C e
+ 2kT )

e

÷o_ -Tc n c s s

(3)

+ (Kcs + Ks) (Te Tc) (4)

Equation (4) gives the relationship between T and T for any current i.
e c

At this point, information is required to relate V and i to T and T
" e c

as well as to indicate the magnitude of the constants for a particular device.

Reference is made to Tapco Group Report ER-4378 (Reference 3-36) where

enough details are given to allow some analysis to proceed.

The data calculated for a specific diode are given as follows:

T
e

Z c

T
cs

= g000°K

= 1000°K

= 600°K

Interelectrode spacing = t. 77 mils

2
A = 1. 86 cm

c

q_e = I. 96 volts

Term (3) of Equation (1) = 1. 86 x 7.6 w/cm Z

w/cm 2 2K AT = 8.0 x I. 86 cm
cs

14 AT = I0 watts
S

Term (4) of Equation (1) = 7.45 watts.

fore,

The cavity aperture is given as 1.45 centimeters in diameter; there-
2

A a = 1.65 cm Since there are five converters, Aa/n = 0.33 cm _.
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The effective emissivity is given as 0.6 and will be held constant in this

study. Summarizing terms for Equation (1):

1) The total electron cooling is determined as 42. 5 x 1. 86
= 79 watts

2) The reradiated beat per diode is 18 watts

3) The interelectrode radiative transfer is calculated as
14. 1 watts

4) The structure radiative transfer is estimated as 7.45 watts

5) The net conductive heat transfer is calculated as 19 + 10
= 29 watts

The total heat input per diode is then

79.0
18.0
14.1
7.5

29.0

147.6 = 148 watts

The electrical operating point for the conditions is given as 24. 2

amperes at 1.07 golts which is equal to 26 watts.

From Equation (2) the heat radiated from the collector is then

148- 26 - 18 = 104 watts

The coefficients of the terms in Equation (1) can now be obtained.

As given before, qbe = 1.96 volts. The others are

A £

a c -12 watts
- 1. 12 x 10

n OK4

14. I -12
_r_ A - xl0

n e (16- 1)

- 12 watts
= 0. 94 x 10

OK4

O o-_ A 7.45 12- xl0-
c s 15

= 0. 496 x 10
-12 watts

OK4

K
CS

29
+K - = 0.029

s i000

D-4
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Equation (I) now become s

Qin = i(l. 96 + 0. 17 x I0 -3 Te + V) + I. 12 x I0 -4 T 4
e

+ 0.94 x I0 -12 (T 4
e

x 10-12

Combining terms, this is

&

Qin = i(l. 96 +V)+2 56T 4+ 0. 17x 10"3T e " e

-12 4
1.44 x i0 T + 0.029 AT

C

+ 0.029(T c - T c)

Equation (4) now becomes

crAc T4 ( )c c c =i 1"96 +0"17x 10-3 Te

- (T 4 4)+ 1.44x 10 IZ _ Tc

Since this is 104 watts at 1000°K

+ 0.029 (T e - Tc)

I04 -12 watt

_A _c c = t_ = 104 x 10

Therefore

¢104+I. 441x lo-12 T 4 = i(1._96 +o. 17x 10-3 %)

-12 4

+ 1.44 x I0 Te + 0.029 (Te - Tc) "

In order to solve this relationship, some simplification is required

to make the equation workable at T = 2000°K and T = 1000°K. The terms
e c

are as follows:

105.44 = i(l. 96 + 0. 34) + 231 + 29

The 0. 34 volt term is relatively small and will be considered con-

stant at the 2000°K value. The Z9-watt conductive term will also be

considered constant at its 2-000 - 1000°I_value. These terms will change

slowly with temperature compared to the 4th power terms. The approxi-

mate relationship is then
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Then

-12 4
105.4 x I0 T

C

4
T =

c

= i(2.3) + I. 44 x I0 "12 T:

i(2.3) + I. 44 x I0 -Iz T:

-12
105.4 x I0

+ 29

+ 29

(5)

Equating Equation (3) to Equation (4) with number coefficients

_ - 4 = i(2.3) + 1.44x I0 -12 (Te4Qin iV - I. 12 x I0 12 Tc

or

Q. = i(2.3 + V) + 2.56 x 10 -12 T 4 _ 1.44 x 10 "12 T 4
in e c

+ z9

4
Then substituting Equation (5) for T

C

+ 29

-IZ
-12 4 I. 44 x I0

Qin = i(Z.3 + V) + 2.56 x I0 Te - -IZ
105.4 x I0

x
4+293(2.5)+i.44x I0 -12 T e

Note that the third term is negligible, being about 1 percent of the others.

Therefore

Qin_--i(2"3 + V) + 2.56 x I0 -12 Te 4 + 29

Another simplification would be to consider T c constant at 1000°C.

The equation then becomes

= : - Z9 (6)Qin Z. 56 x I0 -12 T + i(Z.3+ V) + 0. 029 T e

This equation can then be used to solve for emitter temperature as a

function of Qin' i and V. The product i(V + 2.3) is the electron cooling

term (Qe). Relationships can be plotted of Qin versus Te for constant Qe.
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_or

T
e

with no electron cooling,

Qin

= 2400°K

= ZZ00°K

= Z000°K

= 1800°K

= 1600°K

= 125. 6 watts

= 94.9

= 70.0

= 50. I

= 34.2

For other values of electron cooling, a family of curves can be obtained

by simply adding Qe to the above values at the respective temperatures.

Figure D-2 shows this set of curves.

The next requirement is to obtain the I-V curves for the diode at

various temperatures. One is given for T = 2000°K in Figure D-3. Note
e

that total input heat values vary from 180 to 70 watts over the range of

operating points. The equation for this curve is approximately,

I -I

V = I. II + 0.207 1 s (7)
n I

where I = 44 amps, the short circuit current. I is a function of emitter
s S

temperature. Shown on the curve at various points are the heat inputs

(Qin) required.

This is a simplification as other terms are also temperature-sensitive,

but it should give a reasonable approximation. If it can be assumed that

only I s is temperature-sensitive, then the analysis can proceed by gen-

erating I-V curves for various constant emitter temperatures.
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24OO
ELECTRON COOLING IN WATTS Q_ 0 30 60 90 120

ff,-+ . ,

I00 150 200 250

Q I N _ WATTS

Figure D-Z. Emitter Temperature Versus Thermal Input as a
Function of Electron Cooling
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i

50

4O

2O

10

o.5 1.o 1.5

V, VOLTS

2:o

Figure D-3.' I-V Curve for a Thermioaic Diode at a

Constant Temperature of 2000°K
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So that I-V curves can be generated for other emitter temperatures, it

willbe assumedthat the Richardson-Dushman equation can be used so that

when T = 2000°K, I
e s

e_ c

2 kTe
I = KT _ amps (8)

S e

= 44. Substituting in Equation (8)

e_b c

44 = Kx 4 x 106 t k x 2000

Therefore

qb = I. 96 volts
e

5
e¢c 1.96 x 10

= = 22 700
k 8.616 '

and

then

22,700

2000 -11.3 -4
= _ = I0 x0.122

44
K - -0.901

4 x 102 x O. 122

22,700

g T amps,I =0.901 T _ e
s e

I
s

developed at these temperatures.

may now be computed at other temperatures and the I-V relationships

The temperatures chosen in OK are:

2400

2200

2100

2050

1950

1900

1800

1600
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At these temperatures, the corresponding values for I s in amperes are:

405

145

8O

57.7

29.4

19.8

9.6

1.5

Using these values of I , I-V curves for the various constant ten_-
s

peratures are shown in Figure D-4. At

V = 0 I = I s

V = 0.5 I = 0.95 I
S

V = 1.11 I = 0.5 I
s

V = 1.5 I = 0.13 I
S

V = 2.0 I = 0.013 I
s

From the I-V curves, the electron cooling can be calculated as

Qe = I(2.2 + V) for each curve. In Figure D-5, Qe is plotted versus V

forthe various emitter temperatures. Usingthe relationships in FigureD-2,

with an assumed constant Qin' the electron cooling required at each

T can be found. Going to Figure D-5, this value of Q can be used to
e e

find the required operating voltage on the proper temperature curve.

Points for equal input power are connected to give a locus of Q versus V
e

for Qin constant. Using the value of voltage obtained from Figure D-5,

the operating point on the corresponding I-V curve of Figure D-4 can be

c)btained. When connected, these points give the steady-state I-V curves

for constant Qin"

Families of curves such as those developed in Figure D-4 are neces-

sary if a thorough understanding is to be gained of the behavior of these

devices in a system. While these curves are based on a number of approxi-

mations and can be considered as approximations only, the general shape of

the constant Q curves and constant T curves are as shown in Reference
e

3-34 published by EOS.
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of Emitter Temperature and Thermal Input


